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Abstract
Areas near Clay Bank and Ferry Point in the York River, VA were surveyed monthly using a 
dual frequency sonar for a 12 month period. In addition, six stations within these areas were 
selected for sampling for sedimentological and radioisotopic analyses. Strong spatial and 
temporal variations of a soft layer were identified, solidifying previous evidence and providing 
new insight to a recurring seasonal and spatial pattern in depositional and erosional processes in 
the middle reaches of the York River estuary. Sub-bottom data indicated high thickness in the 
soft mud layer during spring and winter from April 2008 through March 2009. Thicknesses 
varied from 5 to 22 cm ± 4 cm. Low thicknesses in the soft mud layer were observed during 
summer and fall with thickness varying from 1 to 12 cm ± 4 cm. High thickness of the soft mud 
layer coincided with the occurrence of the STM (Secondary Turbidity Maximum). Spatial 
variations in the soft-mud layer thickness were also identified between and within the York River 
secondary channel, the inactive oyster reef, the south west (SW) flank of the main channel, and 
the main channel. The upriver secondary channel, the SW channel flank, and the main channel 
areas were mainly physically dominated. The down river secondary channel area was mainly 
biologically dominated and the inactive oyster reef reflected both physical and biological 
processes. Water content trends showed no indications of affecting seabed stability in this area. 
However, fecal pellets appeared to affect sediment deposition and sediment stability during 
summer and fall seasons. The bulk of the changes observed in this study are due to both 
biological and physical factors, which vary markedly between winter/early spring and 
summer/fall seasons and among the different facies of the estuary’s channel.
Spatial and Temporal Patterns in Erosional and Depositional Processes: 
Physical and Biological Controls in the York River
Introduction
Fine-grained sediment dynamics can influence the natural processes and function of 
estuarine systems. Despite the economic and ecological importance of estuaries, our 
understanding of estuarine sediment transport is limited because of the numerous complex 
physicochemical processes that occur in these natural environments (Corbet et al., 2006; 
Mahatma, 2004; Maa and Kim, 2002). An understanding of cohesive sediment transport 
processes is an integral aspect of coastal engineering (Stevens et al, 2007). For example, the 
structural integrity of bridges and piers and the navigation channels conditions can be altered by 
the patterns of fine grained sediment transport. With the increase in human development along 
coastal marine habitats, terrigenous sediment deposition is considered not only a threat to coastal 
engineering, but also a threat to the environment and ecological conditions in estuarine habitats 
by changing natural depositional events (Lohrer et. al., 2004). Benthic communities, nutrients 
fluxes, and biological productivity can also be altered by the local depositional and erosional 
patterns (Stevens et al., 2007; Mahatma, 2004; Lohrer et. al., 2004; Thrush et. al., 2003; Maa and 
Kim, 2002; Sanford and Maa, 2001; Schaffher et al., 2001). Other environmental aspects such as 
light penetration, water quality, and pollutant transport are defined by erosional and depositional 
processes (the most important factors controlling the transport of cohesive sediments) (Stevens 
et. al., 2007; Maa and Kim, 2002).
Cohesive sediments in estuarine systems have been studied for several decades.
However, there are still many unknowns in the transport of these sediments due to the numerous 
complex physicochemical processes controlling their fate. This study focuses on determining the 
relationships among seabed density, sediment pelletization, and erosion/deposition processes
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using acoustic data, radiochemical and Sedimentological analysis. Most of the analyses were 
concentrated on identifying spatial and temporal variations for the factors mentioned above and 
also on determining the main cohesive sediment transport control (i.e. physical and/or biological 
processes).
In estuarine environments deposition generally occurs when flow velocity drops below a 
critical value. At high rates of deposition, consolidation or the preservation of sediments will 
proceed, and accretion (the net accumulation between deposition and erosion processes) will be 
enhanced (Neubauer et al., 2002). As the porosity in the seabed decreases with time and depth, 
the bulk density will also increase. Seabed density can vary depending on several factors: the 
source of sediments, sediment composition, and the depositional environment. The seabed 
density determines how resistant the surface will be to applied shear stresses (Sheng, 1984).
When the shear stresses exceed the bed surface resistance, erosion will take place. 
Erosion can be affected by grain size, bulk density, water content, consolidation (Paterson et al., 
2000; Paterson et. al., 1990; Amos et. al., 1988; Mehta, 1988; Anderson & Howell, 1984), and 
biological activity (Andersen, 2001; Austen et. al., 1999; Paterson, 1989. Bioturbation along 
with physical forces will generate temporal and spatial variations in seabed density, depositional, 
and erosional parameters. Interestingly, a recent study done in the York River, Chesapeake Bay, 
VA showed that these expected trends in the relationships among water content, consolidation 
among other characteristics in sediment transport processes do not apply to the York system 
(Dickhudt, 2009). This implies that fine-grained systems do not necessarily follow the sediment 
transport paradigms already established. Further analysis of the complex interactions between 
biotic and abiotic parameters and sediment transport and fate is needed in order to improve our 
understanding of sediment dynamics and their spatial and temporal variations.
This study focused on erosional and depositional processes and on the seabed density 
changes in the York River, VA. The York River estuary was chosen as the study area due to the 
vast amount of previous works and real time data available on hydrodynamics, chemistry of the 
water, sediment transport processes, marine benthos and biological gradients. The immediacy of 
the study area to the Virginia Institute of Marine Sciences also facilitated the transport, the quick 
analysis and preservation of the sediment samples collected in the field. Six sites at Clay Bank 
area were surveyed monthly for a 12 month period for the simultaneous collection of sediment 
samples and sub-bottom profiles. This suite of sediment samples and sub-bottom profiles were 
used to: 1) quantify the spatial and temporal variations in bed density and erosion/deposition 
using laboratory measurements and high frequency sonar, and 2) determine if a correlation exists 
among bed density, erosion/deposition, and spatial/temporal variations in the concentration of 
fecal pellets in surface sediments. By examining these sediment parameters, it may be possible to 
determine the present and future function of the York River estuarine system and its sediment 
transport processes patterns. This study can also be used as a basis for comparison with other 
similar estuarine marine environments.
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Background
Cohesive sediments transport processes
Cohesive sediment transport and distribution in estuarine environments can be influenced 
by several dynamic processes (Sheng, 1984). Our ability to quantify these relationships is 
important because of their ecological and economic significance particularly as they pertain to 
organic carbon transport and fate, water quality changes, eutrophication events, pollutants fate, 
benthic community distribution, stratigraphic evolution of an estuarine system, and marine 
engineering (Schaffner et al., 2001; Thrush et. al., 2003; Lohrer et. al., 2004). Sheng (1984) 
indicates that after sediments enter an estuarine system via fluvial inputs, runoff, and from the 
bottom, these can be transported to different areas of the estuary by advection (developed by 
currents driven by tides, winds, and density gradients), turbulent mixing, and gravitational 
settling. During transport processes sediment distribution can also be affected by flocculation. 
Depending on hydrodynamic forces, sediments may be eroded or deposited, altering suspended 
and bottom sediments concentration and composition. For a better understanding of cohesive 
sediment transport, the study of fine-grained sediment properties and the quantification of the 
different relationships that rule the transport processes are necessary (Mehta, 1982).
Cohesive sediments are mainly composed of clay-silt particles. The cohesiveness is 
strongly dependant on the amount of clay by weight. With more than 5 to 10% of clay by 
weight, the cohesive property in sediments increases significantly (Dyer, 1986). Cohesiveness in 
sediments depends mainly on the physico-chemical force between particles (Sheng, 1984). This
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force, like the VanderWals forces (repulsion and attraction), interact between particles and play 
an important role in sediment cohesion (Dyer, 1986). A disruption in particles cohesion will 
start with an increase in fluid forces (such as lift and drag forces) (van Rijn, 1993).
Several parameters have been considered by researchers to characterize the transport and 
fate of fine grained sediments. This study focused on erosion, deposition, and seabed density. 
These parameters are considered big unknowns on cohesive sediments due to the complex 
interactions and influences exerted by physical and biological controls. Physical and biological 
processes can develop temporal and spatial variations in sediment fluxes. Due to this fact, our 
understanding in transport and fate (sink) of sediments is limited.
In estuarine environments, deposition (D') generally occurs when flow velocity drops 
past a critical value. D' continues until the next increase in the water column turbulent energy 
(Mehta, 1982). When velocity increases, bed shear stress becomes the force in control 
determining the rate of D \ During slack water, material in suspension begins to settle. At high 
rates of deposition, consolidation (i.e. preservation of sediments) will proceed and accretion (i.e. 
the net accumulation between deposition and erosion processes) will be enhanced (Neubauer et 
al., 2002).
Seabed density (pb) varies based on sediment properties (e.g. sediment composition) and 
bed formation processes (e.g. source of sediments, depositional environment)" which are also 
dependent on flow conditions and the consolidation level (Mehta, 1988). Generally, seabed 
density increases with depth or it may remain constant. In some cases, as Mehta (1988) 
indicated, lower layers in the seabed can exhibit lower density than the layers above it. Mehta 
(1988) also explained that this can be due to changes in deposition rates from a flood event to a
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period of very low deposition rate. Sedimentological studies used to consider that the rate at 
which sediments are deposited determines the amount of water retained in the layer and the bed 
consolidation (fast deposition= high water content + poorly consolidated, low deposition rate= 
low water content + well consolidated). A study by Dickhudt (2008), challenged this old 
paradigm by showing that the consolidation of cohesive sediments is not always determined by 
the water content retained in the seabed.
Seabed density usually determines surface resistivity to applied shear stresses (Sheng, 
1984). When shear stresses exceed the bed surface resistance, erosion occurs. As Amos et. al 
(1992) indicated, erosion rate is defined as the amount of sediment that is being eroded per unit 
time and area for a given bed shear stress. Surface or particle by particle erosion, also called
erosion Type I by Mehta et. al (1982), occurs when the critical shear stress increases with depth
/
in the bed due to consolidation. This type of erosion is common in systems with weak to mild 
tidal conditions (Mehta, 1988). Erosion can be affected by grain size, bulk density, water 
content, consolidation (Paterson et al., 2000; Paterson et al., 1990; Amos et al., 1988; Anderson 
& Howell, 1984; Mehta, 1988), and biological activity (Andersen, 2001; Austen et al., 1999; 
Paterson, 1989). These determining factors, along with physical forces, will generate temporal 
and spatial variations in seabed density, in depositional, and erosional patterns.
Temporal and spatial variations in sediment flux: biota effects
Studies have confirmed that sediment dynamics are dependent on the interplay between 
biological process and sediment characteristics (Friend et al., 2005; Widdows et al., 2000). Le 
Hir et al. (2007) concluded that sediment fluxes across the sediment-water interface are sensitive
7
to biota. Benthic biology can sometimes exert a greater affect on sediment transport than 
physical parameters (Lumborg et al., 2006). For the lower Chesapeake Bay, Wright et al. (1997) 
found that the lowest critical shear stress values measured coincided with the strongest period of 
bioturbation. Le Hir et al. (2007) also determined that biological material on muddy 
environments, such as extracellular polymeric substances (EPS), increased erosion threshold by 
up to a factor of five. Contrary to these findings, a recent study by Dickhudt (2008) found no 
correlation with the concentration of EPS and the cohesiveness of the York River’s seabed.
Biological activity can affect sediment transport processes in several ways (Le Hir et al., 
2007). Biota can increase the particle cohesion in the seabed surface through the production of 
biological mucus by benthic organisms (Paterson, 2000) and fecal pellets. Another effect from 
bioactivity is bioturbation which generally reduces sediment stability (Le Hir et al., 2007). 
Bottom roughness can also be changed by the generation of tracks, tubes, or burrows (Graf & 
Rosenberg, 1997). Two other important biological processes are biodeposition (organisms 
fluxes of fine particles from the water column to the sediment) and bioresuspension (related to 
the rejection of feces and pseudofeces by deposit feeders) (Le Hir et al., 2007).
Biodeposition of particulate material from the water column and sediment packaging in 
situ are processes of interest in this study. They result from faeces and pseudofaeces production 
by pelagic and benthic organisms (Le Hir et al., 2007). Fecal pellet production can alter the 
micro-topography of the seabed by altering grain size (Graf & Rosenberg, 1997). Fecal pellets 
are considered stable aggregates that can reach a length of up to about 3 000 pm (Lumborg et al ., 
2006; Haven & Morales-Alamo, 1968). Lumborg et al. (2006) showed that benthic biological 
processes, specifically the degree of pelletization of surface sediments, can generate spatial and 
temporal variations in erosion threshold, erosion rate, and suspended sediment settling
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characteristics on mudflats. Lumborg et al. (2006) and Andersen & Pejrup (2002) also indicate 
the importance of considering factors such as pelletization when measuring sediment deposition. 
Sediment pelletization tends to increase the settling velocities of sediments. Pelletization can 
both enhance sediment deposition and increase sediment erosion (Andersen et al., 2005). 
However, most of the effects of fecal pellets observed in surface sediments were for mudflat 
environments. The effects of sediment pelletization in non-mudflat systems, specifically in the 
York River, has not previously been examined.
Biological processes can induce temporal and spatial variations in sediment fluxes at 
different scales. The processes can extend to hours, to seasons, or may also be inter-annual; and 
they may extend from pm to km (Le Hir et al., 2007). Seasonality has been considered the most 
common time scale over which the largest changes occur.
Spatial variations are mainly influenced by the density and composition of species at a 
specific site. Widdows et al. (2000) and (2002) found that differences in density of the clam 
Macoma balthica induced changes in deposition rate and could change the net deposition by a 
factor of five. A similar scenario could be taking place at the middle area of the York River. 
Although the York River is characterized mainly as a physically dominated river, high degrees of 
biological processing has been observed in previous studies, and biological processing possibly 
alters the sediment fluxes and generates spatial and temporal variations (Schaffiier et al., 1987a; 
Schaffner et al., 2001).
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7Be radiochemical analysis
Sedimentological processes have been described previously by the application of short­
lived radioisotopes (e.g., Dukat and Kuehl, 1995; Dellapenna et al., 1998). The 7Be (X\n— 53.3 
days) isotope is used in this study to establish seasonal patterns and short-term rates of sediment 
mobilization and redistribution. 7Be has been tested on marine and lacustrine environments and 
several studies indicate its usefulness in tracing recent fluvial sediments (Somerfield et al., 1999; 
Blake et al., 2002; Romine, 2004; Palinkas et al., 2005). 7Be is a naturally occurring 
radionuclide formed by cosmic-ray spallation of oxygen and nitrogen in the upper atmosphere 
(Lai et al., 1958; Dutkiewicz and Husain, 1985; Arnold and Al-Salih, 1995). Its deposition on 
Earth’ s surface is mainly through wet precipitation, but it can also be deposited through dry 
fallout (Dutkiewicz and Husain, 1985; Olsen et al., 1985; Dibb, 1989; Feely et al., 1989; Todd et 
al., 1989; Canuel et al., 1990; Baskaren, 1995; Blake et al., 2002). The deposition of 7Be is 
seasonally variable and is most common at mid-latitudes (Dutkiewicz and Husain, 1985; Olsen et 
al., 1986; Dibb, 1989; Feely et al., 1989; Todd et al., 1989; Canuel et al., 1990; Baskaren, 1995; 
Kim et al., 2000; Romine, 2004). Its input is higher during early and late spring (lower during 
the late summer) when the exchange of gases increases between the stratosphere and the 
troposphere due to the tropopause thinning and folding (Dutkiewicz and Husain, 1985; Olsen et 
al., 1985; Dibb, 1989; Feely et al., 1989; Todd et al., 1989; Canuel et al., 1990; Baskaren, 1995; 
Kim et al., 2000). Once deposited in marine environments, 7Be is rapidly scavenged by particles 
by cationic adsorption processes (Bloom and Crecleius, 1983; Olsen et al., 1986; Dibb, 1989; 
Dibb and Rice, 1989; Todd et al., 1989; Canuel et al., 1990). As indicated by several studies,
7Be sorption can be accelerated with increasing salinity (Dibb and Rice, 1989; Todd et al., 1989; 
Feng et al., 1999) or disrupted by phytoplankton blooms (Dibb, 1989; Dibb and Rice, 1989).
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Study area
The York River is a tributary of the lower Chesapeake Bay formed by the convergence of 
the Mattaponi and Pamunkey Rivers (Figure 1). It is a 50 km long partially mixed subestuary 
(Shen, 2004). Based on Nichols (1991) and Nichols & Biggs (1985) tripartite coastal plain 
estuaries classification (mouth, funnel, and meandering zone), the York River can be classified 
as the funnel zone (central zone). A funnel zone of an estuary extends upriver through the 
turbidity maximum and is where the tides are dominant and a significant accumulation of mud 
occurs (Dellapenna, 1998).
Dellapenna et al. (2003) subdivided the York River into three different regions: the
lower, the middle, and the upper estuary. This study takes place in the middle York River
estuary, specifically focused on the Clay Bank and Ferry Point areas (Figure lb,c). The middle
river is characterized by bifurcation of the channel into the main and the secondary channels.
This zone can reach a depth of ~14 m, but its average is about 10 m in the center of the main
channel and about 5 m in the center of the secondary channel. Salinity fluctuates between 10 and
20 ppt. The secondary channel is what Carron (1976) described as a palaeo-river valley and is 12
km long and 1 km wide with ~5 m depth and a flat bottom (Dellapenna et al., 1998). It is also
where sedimentary furrows were first observed in 1995 (Dellapenna et al., 1998). Dellapenna et
al. (2001) also found seabed mixing depths ranged from 5-110 (± 25) cm, after 35 months of
observational data and based on 210Pb geochronology analysis. This indicates that there is a large
pool of sediment being transported within the secondary channel. The adjacent main channel
can reach up to 14 m deep and bottom sediments exhibit a silty clay texture. Shoal areas
adjacent to shoreline to either side of the channel are mantled with sediments mainly composed
of fine sand particles (Kniskem and Kuehl, 2003; Carron, 1976). At the northeast edge of the
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secondary channel, an inactive oyster reef forms a narrow shoal that divides the secondary 
channel from the main channel (Dellapenna et al., 2003).
The York River is a microtidal estuary where the spring tide range is less than 2 m (Sin et 
al.-, 1999; Kemp et al., 1997). At the middle and upper river, tidal currents are strong enough to 
drive sediment resuspension (Schaffiier et al., 2001). Surface, spring tidal currents can reach 
over 100 cm s'1 (Fugate & Friedrichs, 2003). Tetrapod measurements at the secondary channel 
by Kim et al. (2000) and Wright et al. (1997) showed current velocities, at 1 m above seabed, of 
20-60 cm s'1 (with a maximum, spring tide, frictional velocity of 2 cm s'1 and a maximum neap 
tide frictional velocity of 0.7 cm s'1). The mid to upper areas of the York River are also sites 
where the primary ETM (Estuarine Turbidity Maximum) formation takes place (Romine, 2004; 
Lin & Kuo, 2001; Friedrichs et al., 2000). The ETM and the STM (Secondary Turbidity 
Maximum) have also been related to a seasonal movement of easily movable muddy deposits 
(Dickhudt, 2008; Rinehimer, 2008; Romine, 2004; Friedrichs et al., 2003).
Short term physical mixing occurs in conjunction with periodic erosion and redeposition. 
Physical reworking depths are generally in the order of millimeters, but can also reach 40-120 
centimeters in depth at extreme conditions (Dellapenna, 1999; Neubauer et al., 2002).
Reworking depths can vary depending on the kind of environment and energy (e.g., waves, 
currents, etc.) that characterize the region. Physical mixing depths vary along and across the 
York River. In the secondary channel Dellapenna et al. (2003) found spatial heterogeneity in 
mixing depths and attributed these variations to the formation and dissipation of sedimentary 
furrows.
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Several studies have determined mixing depths for this area through radioisotopic 
analysis which integrates mixing events (erosion/deposition) over decades (e.g., 210Pb 
geochronology). Dellapenna et al. (2003) indicated deep physical mixing dominates the southern 
side of the York River above Gloucester Point. This physical mixing can reach 200 cm deep 
within the bed (Dellapenna et al., 2003). On the north side of the York, biological mixing 
dominates. Dellapenna et al. (1998) also reported intense physical mixing in the upper York 
River with mixing depths o f -100 cm. High rates of temporary deposition of 0.1-0.5 m yr'1 and 
longer term accretion rates of 2 mm yr'1 were also found. A long particle residence time of 30 to 
250 y is due to the low accretion rate and the deep physical mixing in the York. The sediment 
mass within the physically mixed layer was estimated to be 2xl07 tonnes (Dellapenna et al., 
2003). The annual sediment discharge in the York River is 0.3x106 tonnes yr'1; this could be 
translated into 70 yr of river sediment discharge.
The shoal and flanks, the secondary channel, and the main channel in the middle York 
River are characterized by mainly physically dominated conditions, with bioturbation increasing 
downstream (downstream of Gloucester Point) (Dellapenna, 1999; Schaffher et. al., 2001; 
Kniskem & Kuehl, 2003). Large bivalves, especially Macoma baltica and Cyrtopleura costdta 
are the dominant macrobenthos in this area in terms of biomass. Opportunistic polycheates such 
as Mediomastus ambiseta and Streblospio benedicti can also be found, but due to their small size 
cause bioturbation only near the sediment-water interface (Schaffher et al., 1987b; Schaffher et 
al., 2001; Dellapenna, 1999). In general, primary productivity is high all through the estuary 
(Schaffher et al., 2001; Sin et al., 1999; Kemp et al., 1997).
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Methodology
Field and laboratory studies were conducted to determine spatial and temporal changes in 
seabed density, erosional and depositional patterns, and sediment pelletization. A total of 11 field 
surveys were conducted (Table 1). Surveys conducted during August and September 2008 were 
incomplete due to equipment limitations. No surveys were performed in February 2009 due to 
weather conditions. Analysis of eleven months of field data provides enough information to 
register variations in sediment processes, spatially and temporally.
Spatial and temporal changes in the thickness of the upper soft mud layer were 
determined by acoustic, sub-bottom profiles collected during every survey. Sediment 
redistribution and alternations between erosional and depositional processes were identified 
through the collection of sediment cores and by applying radiochemical, bulk density, and 
sedimentological analyses. Fecal pellet content measurements identified possible relationships 
among biological activity, seabed density, and erosion/deposition processes.
During the first two surveys, a Smith Macintyre grab sampler device was used to collect 
sediment samples. For the remaining nine surveys, a Gomex box corer was used because this 
device better preserves the sediment-water interface. Two replicates were collected at each site 
surveyed. Small plastic sub-cores were used to collect surface sediment samples (upper 1 to 2 
cm) to measure fecal pellet content and for the total disaggregated grain size analysis (Table 2). 
Sediment samples (0-13 cm long) for radiochemical measurements were collected with small 
aluminum sub-cores. Syringes (50 ml) were used to collect the top 11 cm of the seabed for water 
content analysis.
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Acoustic sub-bottom profiling
Sub-bottom data collection started on April 2008 and ended in March 2009 at Clay Bank 
and Ferry Point sites. Four blocks of survey lines were surveyed with the dual frequency system 
(Figure 2). Block 1 to Block 3 (-4.60 km2) are located at Clay Bank site and Block 4 (-0.68 
km2) at Ferry Point site. Block 1, Block 2, and Block 4 run in the along channel direction, 
whereas Block 3 runs across the York River. Block 4 is located where the sedimentary furrows 
were observed in previous studies (Dellapenna, 2001). A total of 31 lines (Bl=6, B2=16, B3=4, 
B4-5) were run during every survey.
The survey lines were run during high and low tides. The tidal effects in sediment 
transport processes were incorporated in this study by running the survey line CRRJLine 4 
(survey line from Block 3 that runs across the river) twice (at the beginning and at the end of the 
survey) during every day of survey. Variations in the acoustic profiles of this survey line 
indicated variations in sediment transport during low and high tide. This also helped understand 
any difference or variation in the rest of the acoustic profiles.
The equipment used included a dual frequency Echotrac CVM unit, a mobile 
hydrographic echo sounder (Provided by Odom Hydrographic Systems Inc.). This system is a 
compact unit that consists of a GPS receiver (CSI Wireless MD-Vector®), a transducer, and a 
computer. Its resolution is approximately 0.01m and its accuracy varies from 0.01m +/-0.1% of 
depth at 200 kHz to 0.10m +/-0.1% of depth at 33 kHz. The depth range is 0.2-200m at 200 kHz 
and 0.5-1500m at 33 kHz. The SonarWiz Map software (Provided by Chesapeake Technology 
Inc.) was used to collect and process data obtained through the Echotrac CVM unit.
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The raw data collected by the transducer and the GPS receiver were transmitted to the 
field computer and it was ultimately imported into SonarWiz Map V4.03.0093. This software 
was used to process and analyze the sub-bottom profiles. The interface utilized was NMEA- 
0183 (allows communication between the Echotrac CVM unit and SonarWiz Map), the sentence 
GGA (Global Positioning System Fix Data) provides position, and the HDT (Heading-True) 
provides speed and heading.
As data were collected by the sonar for every survey line, it was saved into a .sgy format 
which contains the original acoustic file. This format allows the lines to be imported into a 
basemap (12243 1 “York River York Town to West Point”) downloaded from NOAA Electronic 
Nautical Charts in raster format and in the WGS 1984 UTM, Zone 18 North, Meter coordinate 
system (NOAA Electronic Nautical Charts at http://nauticalcharts.noaa.gov/MCD/enc/ 
download.htm). Once imported into the base map, the sub-bottom profiles were edited and 
channel 1 and channel 2 upper reflectors were digitized.
Differences in the sonar’s frequency control the attenuation and reflectivity of the 
acoustic plane waves through different medias (i.e. water and sediment). The frequency also 
determines the spatial resolution of the data reflected to the sounder (Galloway & Collins, 1998). 
Usually frequencies higher than 100 kHz offer higher resolution, have a higher attenuation in the 
water column and penetrate centimeters into the seabed depending on substrate reflectivity. 
Lower frequencies (from 10-100 kHz) provide lower resolution of the top centimeters, show 
smaller signal losses in the water column, and penetrate deeper in the seabed (tens of centimeters 
to meters in depth) (Collins and Rhynas, 1998). The system used for this study has a channel 
1(200 kHz) with a penetration in the seabed shallower than channel 2, but channel’s 1 resolution 
in the top centimeters is higher than channel 2 resolution.
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The wavelength in water-rich mud at 200 kHz is about 1 cm, meaning that channel lmay 
potentially identify the top of the muddy bed to within about 1 cm (Figure 3a, c). Channel 1 will 
also attenuate quickly, making it less affected by layers below the surface. Channel 2’s 
wavelength is about 5 cm making it suitable for the detection of at least the top 5 cm when 
generating the seabed profile (Figure 3b,d). Contrary to channel 1, channel 2 doesn’t attenuate 
as quickly making it appropriate to respond more strongly to changes in acoustic properties 
deeper within the bed. Although we do not yet have independent confirmation, we believe that 
some combination of acoustical properties (velocity, attenuation, and/or backscatter) 
significantly change below the base of the soft mud layer. Based on this, it is inferred that the 
first acoustic reflector (i.e. seafloor) resolved by channel 2’s signal is being biased downward by 
this change in acoustical properties found below the base of the soft mud. The difference in 
depth of the first reflector detected by channel 1 and channel 2 signals will be used as a proxy for 
the thickness of the soft, easily eroded, most recently deposited, surface mud layer and its 
changes through space and time (e.g. spring vs. fall) (Figures 3 and 4). Inferred thickness of the 
soft mud layer was mapped in Surfer v.8 as contour maps to display the spatial and temporal 
changes in deposition and erosion processes at Clay Bank and Ferry Point sites. This approach 
compares favorably with the routine application of dual frequency echo sounders in mapping 
fluid mud layers (Schettini et al., 2009). However, it is less clear how echo sounders are likely to 
behave at the surface of somewhat more consolidated muddy seabeds. This detailed acoustic 
response is the subject of ongoing research at the Virginia Institute of Marine Sciences.
Additional field work was conducted to determine the error within the thickness values 
calculated for the soft mud layer. One short survey line was run 15 times consecutively. From 
these 15 runs only 9 were used. The 9 lines selected had the same length, same amount of data
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and the sub-bottom profiles were clear. The first reflectors for channel 1 and 2 were digitized. 
The difference in depth (z) for the first reflector in both channels was calculated (first reflector z 
in channel 2 -  first reflector z in channel 1). The standard deviation of the difference in z for all 
the nine lines was determined and an error of ± 4 cm was obtained.
Radiochemical analysis
Cosmogenic 7Be was used to determine changes in sediment deposition rate over time 
and space. Cores ~12 cm deep were collected simultaneously every month. Previous 
sedimentological studies in the York registered 7Be depth was between 1 and 5 cm (Kniskem 
and Kuehl, 2003; Dellapenna, 1999; Romine, 2004). Approximately, 96 cores were taken during 
the 11 surveys performed in conjunction with sub-bottom data collection.
The 96 cores collected were sliced into sub-samples (intervals from 0-1, 1-2, 2-4 cm, and 
so on) for radioisotopic analysis. The 7Be activities were measured using a semi-planar intrinsic 
germanium detector coupled with a multi-channel analyzer (Kniskem & Kuehl, 2003;
Dellapenna et.al., 1998). The net count rates were converted into activities based on efficiency 
factors at 477 KeV. 7Be inventories (I) were also calculated for the upper 2 cm of each core.
The inventories were calculated by normalizing the activities to sediment mass and followed by 
the application of the equation:
I=(A/ps(l-cp)) *2 Equation 1
where Ai = specific activity, ps = average particle density of 2.5 g/cm3 based on Dibb and Rice 
(1989), q> = porosity (Dibb and Rice 1989, Romine, 2004). Everything was multiplied by 2, 
representing the upper 2 cm of each core.
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Sedimentological analyses 
Water content
122 sediment samples were collected in syringes, ~11 cm in length, to measure water 
content. After the samples were collected, they were extruded from the syringes using the 
intervals 0-1, 1-2, 2-4, and so on. Intervals were placed into small pre-weighted scintillation 
vials. After the initial weight (Wo= scintillation vial weight plus wet sample weight.) was 
registered, the sample was placed in the oven (~75° F) for a period of 48 h. After 48 h the final 
weight (Wf= scintillation vial weight plus dry sample weight) was measured. Through the 
subtraction between the Wo, Wf, and the scintillation vial weight, it was possible to calculate the 
water content in the sample (Hobbs III, 1983). Water content percentage was used as a proxy for 
seabed density.
X-radiography
X-radiography of cores was performed using a portable x-ray generator and flat panel 
detector. The images were processed using the VIVA software to produce gray scale. The 
images were imported to Adobe Illustrator ® for editing and final presentation.
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Disaggregated grain size
For disaggregated grain size (normal grain size), approximately 4 to7 grams of the 
samples were combined with 10 ml of calgon (sodium hexametaphosphate) to totally disperse 
the particles. The samples were sieved through a 63p mesh to separate mud from sand. The 
weight of the sand retained in the mesh was measured. Silt and clay were separated in settling 
columns using Stokes’ Law. The silt and clay rested for 24hr in a 1000ml cylinder filled with DI 
water in order to equilibrate it to room temperature. The suspensions were stirred during the first 
withdrawal and two draws were taken. The first draw measured the amount of silt and clay, and 
the second draw measured only the clay fraction. Through this process the percents of sand, silt, 
and clay were determined.
Fecal pellet content
To determine fecal pellet content in sediments, a total of 122 small sub-cores ~12 cm 
deep were collected at the same sites where cores for radiochemical analysis and 
sedimentological analyses were collected. Because the fecal pellet material comprises the 
uppermost layer in the seabed (0- ~2 cm), this interval was subsampled for subsequent analysis. 
The fecal pellet content in the samples was quantified to determine if sediment processes may be 
linked to biological activity. The wet sieving/gentle agitation technique (ws/ga) and the normal 
grain size technique were used to determine the fecal pellet content. The 12 cm core was sliced 
and split in half vertically. Half of the upper 2 cm of the core was used for the ws/ga technique 
and the other half for the normal grain size procedure. The ws/ga technique consists of a
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modification from the normal grain size procedure. Contrary to the normal grain size procedure, 
no calgon was added to dissagregate the sample grains for the ws/ga technique. The addition of 
calgon into the sediment samples can destroy or break down fecal pellets in the samples. Shell 
content was removed manually using tweezers. Gentle hand agitation was used to disrupt any 
mud clumps present before sieving through a 63 pm mesh to obtain the pellet, plus other organic 
matter and sand fraction (P+OM+S fraction).
In the normal grain size procedure, sample grains were dissagregated by adding calgon. 
The samples were also sieved through a 63 pm mesh to obtain the sand fraction. This sand 
fraction was acidified using 10ml of nitric acid and dried at 75°F for 48 hr to dissolve as much as 
shell material as possible and this resulted in the acidified sand fraction (AS fraction). To 
calculate the concentration of fecal pellets the P+OM+S fraction and the AS fraction were 
subtracted. The fecal pellet content was used as a proxy for sediment biostability.
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Results 
Soft mud layer thickness
Mapping soft sediment thickness showed pronounced seasonal variations with the highest 
average thicknesses occurring during spring (April 08, May 08, March 09), early summer (June 
08) and winter (December08, January09) at CB and FP sites (Figure 5a, b). A thinner layer was 
observed during the middle of summer (July) and fall (September, October, November) seasons. 
The soft mud layer was approximately 10 to 16 cm ± 4 cm thicker during spring and winter than 
the rest of the year in some areas. Spatial differences in the thickness of the mud layer were also 
found between and within the MC (main channel) and the SC (secondary channel) (Figure 6 and
7).
Clay Bank 
Spring
Soft mud layer thicknesses for April and May 2008, and March 2009 at CB were the 
highest recorded varying from 5-22 cm ± 4 cm (Figure 8a-b, j). The thicknesses were very 
homogeneous between the MC and the SC in April 2008. In May, the thickest layer was mainly 
found within the SC (7-16 cm ± 4 cm). In March 2009 the thickest soft mud layer was recorded 
(22 cm ± 4 cm) and coincides with strong wind waves experienced during the survey. 
Interestingly, most of the thickest layers of the soft mud were located at the MC during this
r
period. The dark orange contours containing the highest depositional values in March 2009 may 
indicate the location or path of the STM.
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Summer
Soft sediment thickness of 5 to 12 cm ± 4 cm was registered for June 2008, two days after 
the passage of a storm (Figure 8c).. The layer thickness in June was still relatively high 
compared with the middle summer and fall seasons. No clear differences were found between 
the mud layer thickness in the MC and the SC. A decrease in the soft mud layer thickness 
occurred in July 2008 with observed thicknesses ranging from 1 to 10 cm ± 4 cm (Figure 8d). 
July seemed to be a transitional month between a high thickness period and the beginning of the 
thinning of the soft mud layer. The uniformity of the sediments distribution in June was not 
observed in July. Higher thicknesses parcels were calculated in the SC (7-8 cm ± 4 cm) than in 
the MC area (1-6 cm ± 4 cm).
Fall
The thinnest soft mud layer was observed during the fall, ranging from 1 to 8 cm (Figures 
8e-g). From September (data from the MC only) to November, the smallest values in the 
thickness of the mud layer were observed (1-8 cm ± 4 cm). Thickness values in November were 
the highest for the fall season which may indicate a transitional period from low thickness to 
high thickness of the soft mud layer. In November most of the sediments were deposited in the 
SC and gradually moved towards the main channel in the subsequent months.
Winter
During December 2008 and January 2009 the soft mud thickness increased to 4 to 10 cm 
± 4 cm after the fall season (Figures 8h-i). This two month period showed a homogenous 
distribution of the soft mud layer within the MC and the SC.
r
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Ferry Point
At the FP site the thickness of the soft mud layer followed the same temporal trend 
identified at CB site, but with a lower range in thickness (2 to 10 cm ± 4 cm in thickness) 
(Figures 9b, 6 & 7a-i). July and November were also considered transitional months between 
periods of high and low thickness. No strong spatial variations in the soft mud thickness were 
observed, perhaps due to the small surveyed area at this particular site.
Acoustic anomalies
In some limited areas, penetration of the 33 kHz frequency of the sub-bottom profiler was 
shallower than the 200 kHz when it is supposed to be the opposite. These are shown in the small 
white areas observed within the NE flank of the MC during most of the year (Figures 8c-g).
They seemed to increase in area during the summer and fall seasons when the lowest thicknesses 
were registered and no signs of these white areas were observed in January and March 2009.
This may indicate a possible artifact from the data collection, digitalization, or/and mapping 
processes or can be an indication of special characteristics in the area surveyed that are being 
displayed in an unusual way.
Fathometer profiles collected by Dellapenna (1999) from the NE flank of the main 
channel showed that this flank is the steepest part of the channel. The slope steepness of the NE 
flank may explain the differences in depth between the 200 (shallower and higher resolution in 
the surface) and the 33 kHz (deeper and less resolution in the surface) channels from the dual 
frequency sonar. The 33 kHz has a wider beam angle and within this area of uneven morphology
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it may be receiving a side reflection off of the wall. This side reflection would be returned sooner 
than the 200 kHz and thus the 33 kHz channel appears as a shallower depth. In this area, the 
difference between the 33 kHz (shallower) and the 200 kHz (deeper) will be reflected as 0 or as 
positive values as seen in the NE flank. Dellapenna (1999) concluded that the NE flank is an 
erosional site which also explains the occurrence of these white areas only during low to 
moderate depositional periods and its disappearance during high depositional periods. The 
character of the acoustic response seemed to be correlated to the sediment cover in this area. 
During low to moderate depositional periods the acoustic response had a stronger return due to 
the steepness of the flank and the exposed high density seabed during these periods. During high 
depositional periods the acoustic response had a lower return because more sediment with lower 
density was deposited in the NE flank and apparently the slope steepness was reduced. In 
addition, the acoustic response could be affected by the drifting and position of the boat while 
the field survey was being conducted.
Sediment properties 
Grain size
Sediment grain size was determined for the six sites surveyed by normal grain size 
analyses (Figure 10). Clay, silt and sand fractions varied between sites and within the different 
sub-environments of the York River channel through a 12 month period at CB and FP sites. The 
variations in grain size fractions per sites and per month are shown in figures lOa-f. Distinctive 
sediment composition and seasonal variations characterized each of the sub-environments 
sampled (i.e. secondary channel (upriver/downriver), main channel SW flank, main channel, and 
the inactive oyster reef).
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The upriver secondary channel site (SCI) and the SW main channel flank (MCI) were 
mainly characterized by high content of clay and silt. Clay and silt content at these two sites 
were relatively uniform through time, varying from 30-68% at SCI and from 34-61% at MCI 
site. SC2 and SC3 sites showed high sand content and high variability in clay and silt fractions. 
Sand content at SC2 site varied from 14-48% with higher concentrations specifically during 
spring and summer. Relatively higher concentrations of sand fractions were observed at SC3 
from April 2008 through March 2009 (19-50%). Clay and silt were higher during late fall 
through early spring (12-67%) at the SC3 and were more homogeneous at SC2 with slightly 
higher concentrations during winter and spring (25-56%). MC2 site was composed of a mixture 
of clay, silt and sand fractions (Figure lOe). Clay was predominant during the fall, winter, and 
spring ranging from 25-88%. Sand seemed to be higher during late spring and summer with a 
slightly bigger peak than clay and silt fractions in July (43%). The inactive oyster reef (IOR) site 
was mainly composed of sand fraction and variable content of clay and silt (Figure lOf). The 
sand content was higher during the summer and the spring with the highest peak occurring in 
June (68%). Clay and silt were higher in concentration during the fall and winter seasons.
Water content
Sediment water content in the upper 2 cm was determined by standard wet weight/dry 
weight analysis. Based on the results, water content remained relatively constant through the 
year at each site with few notable exceptions (Figure 11). Water content ranged from 36% to 
74%. The highest values were identified at the SCI and MCI stations varying between 74% and
26
58%. IOR site had the lowest water content values among all the stations ranging between 35% 
and 51%.
Stations MC2 and IOR exhibited a big jump in water content in October 2008 lasting 
until the end of spring. MC2 water content increased by 14% from August to October, while the 
water content at IOR site increased by 13% at the same period of time. It may be possible that 
the increase in water content started in September, but no data is available for this period of time 
at these two sites. Interestingly, these increments in water content from August to October were 
not observed in the solids fraction of the mud matrix calculation (Figure 12). The solids fraction 
of the mud matrix is an alternate way to measure the degree of bed consolidation and was 
calculated based on the equation discussed by Dickhudt (2008). No specific seasonal trend was 
observed by using this method which coincides with what Dickhudt (2008) found at Clay Bank 
area. Even though no pattern was found, the solids fraction of the mud matrix helped to 
determine that the differences observed in the water content from August to October at IOR and 
MC2 sites were a sand artifact and not a change in seabed consolidation by differences in water 
content of the mud fraction.
SC2 and SC3 had similar water content and were relatively stable through the year. On 
average, SCI had the highest water content with 68%, 3% higher than MCI. Water content in 
both sites remained relatively constant through the sampling period, except for a slight decrease 
in water content in the SCI from October 2008 to March 2009. Interestingly, the water content 
between SC 1 up river and SC2 and SC3 downriver in the secondary channel was very variable 
when they are only less than 3 km away within the same subenvironment. Overall, water 
content seemed to increase during the fall, winter, and spring seasons and decreased during the 
summer.
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Sediment structure
Main Channel (MC2), main channel SW flank (MCI) and up river (SCI) and down 
(SC2) river secondary channel surface sediments (0-26.7cm) showed mm to cm thick 
laminations (Figure 13). The lower secondary channel site (SC3) and the inactive oyster reef 
(IOR) stratigraphy (0-24.5 cm) were dominated by a homogeneous layer of sediments with high 
content of shell hash at the SC3 and mainly mottled sediments with some traces of bioturbation 
in the inactive oyster reef site.
Thick laminated layers (mm-20 cm thick) confined by hiatal surfaces characterized the 
MC2 site from August to December 2008. Bioturbation and shell fragments ranging from mm to 
cm in size were observed all year long. MC 1 x-radiographs showed a physically dominated 
stratigraphy and revealed depositional events were constant within this area through the year 
except in January 2009 where the stratigraphy was mottled and no signs of laminations were 
observed. As observed in MCI site, the MC2 also showed signs of interbedding, 3 cm-20 cm 
thick laminated layers constrained by hiatal surfaces from August 2008 to March 2009. Signs of 
biouturbation were also evident during the fall and early winter. SCI site was mainly physically 
dominated with some slight and sporadic bioturbation. January had the thickest lamination layer 
(9 cm) followed by November with lamination in the top 7 cm of the x-radiograph. Contrary to 
SCI, SC2 down river in the secondary channel was highly biologically dominated. During 
summer and fall, the x-radiographs showed mainly mottled sediments with high content of shell 
fragments and some burrowing. Laminations ranging from 2 to 3 cm thick were observed from 
December 2008 through March 2009. The SC3 site showed similarities to SC2 with mottled 
sediments and high bioturbation all year long. Some laminations, mm to 1 cm thick were only 
observed from September to December 2008. IOR site had a similar pattern from SC2 and SC3
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with mottled sediments all year long, except for January 2009, and moderate shell content. A 
laminated layer 8 cm thick was observed in January followed by mainly physically disturbed 
sediments. Very thin laminations were observed in the top mm to 1 cm of the core in October, 
November, December, and March.
In general, SCI and MCI were mainly physically dominated sites with thick laminations 
most of the year. MC2 stratigraphy was mainly characterized by preserved physical structures 
and low bioturbation. IOR exhibited a combination of physical and biological structures. SC2 
and SC3 sites were mainly biologically disturbed with mottled sediments and high to moderate 
shell content.
Sediment geochronology
The Be-7 activity inventory for the top 2 cm was determined in order to characterize 
recent depositional trends. Replicate cores collected at Clay Bank and Ferry Point presented 
inconsistent spatial and temporal variations. The lack of data due to the sampling regime utilized 
and equipment limitations resulted in an incomplete record and no strong Be-7 activity patterns 
were observed during the sampling period. The data obtained through this analysis presented no 
significant variations except for the months of May, June and July 2008 at SCI, May and June 
2008 at SC3 and MCI, April and May 2008 at IOR, and May 2008 at MC2 and SC2 sites (Figure 
14).
29
Fecal pellets content
The concentration of fecal pellet content in the top 2 cm is a proxy for bio stabilization by 
sediment pelletization or aggregates of organism’s particles. No strong spatial variation was 
found in the concentration of fecal pellets differing from the deposition/erosion patterns observed 
in the soft mud thickness maps and the x-radiographs (Figurel5). This discrepancy can be due to 
the difference in vertical and spatial scales utilized in these three different analyses. Overall, 
higher concentrations were observed in the MCI, IOR and in the SC3 sites from April 2008 to 
March 2009.
The temporal pattern is stronger with two noticeable high peaks in the concentration of 
fecal pellets (Figure 16). The first peak occurred from July through November. The second 
peak was observed during late spring. October 2008 was the month with the highest 
concentrations in fecal pellet matter ranging between 11-26%. June and December had the 
lowest concentrations varying between 1-11% in fecal material. A very weak significant 
relationship was found between clay fraction, acidified sand fraction, water content, and fecal 
pellet concentration (0.025, 0.055 and 0.005 consecutively) (Table 3).
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Discussion 
Seasonal variations
The thickest layers of soft mud were observed during winter and spring, whereas thinner 
layers occurred during summer and fall. Clay Bank and Ferry Point areas showed the same 
seasonal cycle, but Ferry Point showed a lower range in thickness. This seasonal trend seems to 
be a pronounced cycle that was also identified in previous works (Dickhudt, 2008; Rinehimer, 
2008). Dickhudt (2008) and Rinehimer (2008) both looked at changes in erodibility in the York 
River using different approaches and time periods. Dickhudt (2008) concluded that the highest 
erodibilities occurred during the spring and winter at Clay Bank from 2006 to 2007 and the 
lowest during summer and fall seasons of the same years based on data from the Gust microcosm 
system. Similar to Dickhudt (2008), Reinehimer’s (2008) model indicated that higher 
erodibilibity was observed in April and May 2007 and decreased the following summer.
Previous studies described the stratified STM in the York River as a phenomenon that has 
its own pool of easily resuspendable sediments and may act as a trapping mechanism for 
sediments moved into the estuary by gravitational circulation (Romine, 2004). The occurrence 
and migration patterns of the STM between 45 and 20 km up river from the York River mouth 
seems to be controlling the seasonal variations in depositional and erosional processes in the 
middle York. Lin and Kuo (2001) indicated that high concentrations of suspended sediments 
related to the STM occurred during the winter and/or spring. Based on Lin and Kuo (2001), no 
STM was identified during the fall or summer. The STM migrates up river and down river 
depending on freshwater discharge.
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USGS discharge data from the Pamunkey River was used to verify fluctuations in the 
freshwater input during the study period. The highest freshwater inputs in the York River 
occurred during the spring and winter seasons from April 2008 through March 2009 which 
correlates with the periods where the thickest soft mud layers were identified (Figure 17). July 
also seemed to be a transitional month in the discharge pattern indicating the beginning of very 
low discharge until November. September was the exception during this period of low 
discharge, but the peak wasn’t captured for the entire area under study during the survey. 
November was identified in the depositional patterns as a transitional month. This month also 
marked the beginning of high discharge. The lag between November and the highest 
depositional events in March were also observed by Dickhudt (2008) and this may indicate that it 
takes months after the onset of high discharge for the gravitational circulation to develop 
completely. This onset of high discharge also coincided with the observations of x-radiographs, 
where the thickest layers of laminations were observed in November 2008 and from January 
through March 2009 ranging from 2-20 cm thick. Kniskem and Kuehl (2003) also found thick 
layers of laminations from March through May in 1999 at Clay Bank. Interestingly, the Be 
activities registered in this study for May 2008 were significantly different from the rest of the 
data. This signal of recent deposition was detected in each of the sites surveyed and during the 
month with the highest averaged thickness in the soft mud layer. This may indicate that rapid 
depositional events are part of a seasonal cycle. Some of these transient sediments may become 
part of the stratigraphy and there is a possibility that some of this material is recycled within the 
system.
The clay to silt ratios indicated a seasonal variation with lower clay to silt ratios during 
late spring through the early fall and higher ratios during the late fall, winter, and early spring
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(Figure 18). This may suggest that during periods of high clay to silt ratio, the deposition of fine 
grains was high as well as the cohesiveness of the sediments. This coincides well with thick soft 
mud layer periods identified previously during winter through spring. However, Dickhudt 
(2008) found variability in the clay to silt ratio within a 14 month period and a negative 
correlation between eroded mass at 0.4 Pa and the clay to silt ratio. Dickhudt (2008) suggested 
that this negative correlation indicates that higher periods of erodibility coincide with less 
cohesive mud. This contradicts what was observed in this work. Also, a higher mean, of 2.19, 
than the one obtained by Dickhudt (2008) of 1.5 for the clay to silt ratio was calculated maybe 
indicating that the 2008 to 2009 period had a higher signal and a stronger relationship between 
clay to silt ratio and sediment transport patterns. A total of 6 sites were surveyed in this study 
while a total of 2 sites at Clay Bank were surveyed by Dickhudt (2008), which could explain the 
differences observed in the clay to silt ratio data between these two studies. A weak positive 
correlation was observed between the clay to silt fraction, water content and fecal pellet 
concentration, significant at p>0.05 (Table 3).
Spatial variations
The soft mud layer thickness maps showed very clear variations in the thicknesses 
between the secondary and main channel, specifically during May, July, October, November 
2008 and March 2009 (Figures 8b, d, f, g & j). In the secondary channel, higher thickness in the 
soft mud layer, compared to the main channel, was observed specifically during May, July, 
October, and November 2008. In the main channel a thicker soft mud layer was observed in 
March 2009. During the remaining months, the soft mud layer thickness values were evenly
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distributed between and within the secondary and main channel areas. These variations in 
thicknesses between the secondary and main channel can be explained by an across estuarine 
sediment transport suggested by Dellapenna (1999). This across transport can occur between the 
SW shoal and the main channel during storm events, high wave conditions or strong current 
events. The effect of waves can be observed specifically in shallow areas moving material from 
the SW shoal towards the main channel. Due to the shallow depths that characterize the shoal 
area, the frequency of high shear stress in the bottom during energetic is presumably higher than 
in the main channel area. This implies that fine sediments would tend to be transported from the 
shoal towards deeper waters in the main channel in response to wind and waves. Depending on 
current velocity, bottom and surface currents can also transport sediments from the shoal towards 
the main channel, but they can also distribute sediments evenly between the main and secondary 
channel. Kniskem (2001) measured of bottom and surface currents at the secondary channel 
indicating that the highest peak in surface currents occurred in March and the highest bottom 
currents were registered during late January and Mid-April when the STM effects are higher. 
These periods with the highest conditions in surface and bottom currents (January, March and 
Mid-April) coincide with months where the soft mud layer thickness values were evenly 
distributed between the secondary and main channel. This may indicate that during the highest 
current conditions the secondary and main channels are similarly disturbed by the currents effect 
and similar thicknesses of soft mud layers are deposited within both subenvironments. Another 
possible indication is that moderate surface and bottom currents in the secondary channel and/or 
main channel are necessary to allow and generate an across estuarine sediment transport. During 
high current conditions at the main and secondary channels, the along shore currents are too 
strong to allow an across current to form. In this case, sediments within both subenvironments
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will be almost evenly disturbed. It may be during moderate currents conditions that the across 
transport of sediments takes place by the effect of not high enough, but strong enough currents to 
mobilize sediments and to cross along shore currents.
Differences in deposition between the secondary and main channel are considered to be 
mainly driven by currents and spring and neap cycles. Strong waves, wind stress, and changes in 
spring and neap tides can move the sediments from the secondary channel towards the main 
channel or vice versa.
Soft-mud layer thicknesses varied among the up river and down river secondary channel, 
the inactive oyster reef, the main channel SW flank, and the main channel from April 2008 to 
March 2009. The upper secondary channel, the main channel flank, and the main channel sites 
are mainly physically dominated whereas the down river secondary channel site is mainly 
bioturbated. The inactive oyster reef site showed moderate influence by physical and biological 
processes. Heterogeneities in physical and biological processes and bed characteristics were 
observed in previous studies between and within the surveyed subenvironments (Dellapenna, 
1999; Schaffher et al., 2001; Kniskem, 2001; Dickhudt, 2008).
SC 1 site in the secondary channel (~5 m deep), at almost 3 km upriver from the SC2 site 
is physically dominated with sediments mainly composed of mud with very low sand content 
(Figure 19a). This site showed higher water content, and thick laminations throughout the year. 
Dellapenna (1999) identified this site as a zone of furrow formation. Dellapenna (1999) 
indicated that these structures are destroyed during spring tide when the shear stress is high. The 
formation and dissipation of these sedimentary structures reflect significant changes in sediment 
movement. This area in the secondary channel may also be highly influenced by the STM which
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could explain the seabed characteristics observed at this site. These two possibilities can also 
explain the very low bioturbation present at this site where the seabed is highly disturbed with 
constant erosion and deposition of fine material.
The SC2 and SC3 sites (~4 m deep) downriver in the secondary channel are biologically 
dominated with high mud content, low sand content, high shell content, moderate water content, 
and few thin laminations in late fall and winter (Figure 19b-c). Based on x-radiographs, only few 
small signs of deposition represented by thin laminations on top of the seabed were observed 
during late fall and winter. No preservation of these laminations was observed in subsequent 
months. This may indicate that bioturbation at these sites plays an important role by disturbing 
and homogenizing the seabed structure. The heterogeneity observed within the secondary 
channel sites was also identified by a series of previous works indicating that the secondary 
channel can be highly dynamic (Wright et al. 1997; Dellapenna, 1999; Kniskem 2001).
IOR site (~4 m deep) showed signs of physical and biological processes interacting with 
the seabed structure and bed characteristics (Figure 19d). This site is mainly composed of sand 
with some mud content. Some laminations were also observed during fall and winter. This site 
also showed the lowest water content indicating higher seabed densities with sediments more 
resistant to transport.
MCI at ~6.5 m deep in the SW flank of the main channel and the MC2 site, at ~11 m 
deep, are physically dominated sites mainly composed of mud with low sand content, and thick 
laminations (Figure 19e, f). Laminations at MCI were observed all year long (Figure 19e). The 
thickness of the laminations observed throughout the year except in January 2009, may indicate 
that there is a mobile pool of fine sediments constantly supplying material in this area. This pool
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of sediments may be present within this area due to the low shear stresses observed in previous 
studies (Rineheimer, 2008) in the SW main channel flank. This low shear stress area is confined 
by the main channel, to the north east characterized by having high shear stress conditions and 
by the inactive oyster reef slope, to the south west. The main channel and the inactive oyster reef 
slope may act as constraining walls retaining the pool of mobile sediments within the SW main 
channel flank.
Survey lines with high soft sediment thickness running along the secondary channel were 
observed in the April, May, and November contour maps. The location of these lines coincides 
with the locations of the limits between the secondary channel and the inactive oyster reef, and 
between the limits of the oyster reef and the main channel SW flank. Based on Dellapenna 
(1999) and Kniskem (2001), flanks are mainly depositional areas at the Clay Bank site.
Kniskem (2001) indicates that the high deposition patterns within the secondary channel flank 
(area between the shoal and the secondary channel) may be explained by the occurrence of 
longitudinal front cells described in Huzzy and Brubaker (1988). These cells may be also 
responsible for the depositional events between the secondary channel and the inactive oyster 
reef. Huzzy and Brubaker (1988) indicated that these cells tend to converge and diverge over the 
flank because of the boundary located between the well-mixed shoal and the sporadically 
stratified secondary channel. The interaction between the different current conditions within 
these two areas may account for the high deposition on the flank (Kniskem, 2001). Similarly, 
this process can be taking place between the secondary channel and the inactive oyster reef due 
to the interaction between the currents in the secondary channel and the currents on top of the 
inactive oyster reef which may be concentrating the sediments in between the two areas. This 
can explain the high thicknesses observed along these lines and the fact that they are only
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observed during periods of high deposition. Kniskem (2001) also mentioned the possibility of 
the flank becoming unstable. Slumping could occur due to the rapid deposition of sediments 
which may explain the fact that the high depositional features surrounding areas also exhibit high 
thickness in the soft mud layer. The most likely hydrodynamic mechanism for lateral density- 
driven circulation trapping on the flank is described in Huijts et al., 2006.
The survey lines with high soft sediment thickness were also observed during April and 
May at the SW main channel flank (MC1 site) of the main channel. Dellapenna (1999) also 
found high accumulation rates and deep seabed mixing ranging from 30-50 cm in depth within 
this area. These high thicknesses within the SW main channel flank may be explained by the 
across estuarine sediment transport process mentioned previously and suggested by Dellapenna 
(1999). This can explain the high depositional patterns in the flank site during periods of high 
sediment supply like the ones observed during March 2009 where the thickest layer of soft mud 
was observed in the main channel SW flank and the main channel.
Differences in water depth, proximity to the mouth of the river and bottom morphology 
among the different subenvironments may alter the effects and magnitudes of physical and 
biological processes as well as seabed properties and estuarine sediment transport. Kniskem 
(2001) found no correlation between tides and depositional and erosional events, but ephemeral 
deposition was observed during winter and spring during each spring-neap cycle. This may 
indicate that different factors can be playing an important role in sediment transport processes.
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Physical and biological controls: Water content and sediment pelletization, 
dominant controls at Clay Bank and Ferry Point?
Water content from the top 2 cm of sediments was determined as a proxy for seabed 
density. This parameter didn’t show strong seasonal variations despite the clear changes in 
thicknesses of the soft mud layer. Based on Romine (2004) and Dickhudt (2008) and the trends 
observed, the water content was expected not to vary between seasons. Interestingly, the water 
content exhibited almost similar values throughout the entire sampling period. However, most of 
the sites increased slightly in water content from the late fall to the spring coinciding with the 
main periods of deposition identified. This period of high water content also has a weak positive 
correlation with clay and silt ratio. This may indicate that high periods of water content were 
also high depositional periods of clay fraction.
Interestingly, MC2, as well as the IOR site presented a very strong difference in water 
content from August to October 2008 and stood relatively constant until March 2009. This 
significant high peak in water content coincided with the low freshwater discharge and low 
thickness in the soft mud layer periods at Clay Bank. Based on the solids fraction of the mud 
matrix, this increase in water content at these two sites was an artifact driven by a decrease in the 
sand content during this period of the year.
Water content proved to be useful in differentiating biologically versus physically 
dominated areas. The physically dominated sites (MCI, MC2 and SCI) reflected higher values 
in water content with more variable values through depth (0-12 cm) (Figure 20). These sites 
showed very low bioturbation which may explain the higher water content observed.
Bioturbation tends to homogenize sediment water content by moving the high water from the
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seabed surface towards deeper depths in the strata. In a scenario where bioturbation is low or 
absent, variation in water through depth will be observed due to the overlapping of depositional 
events with different densities preserved in the sediment strata. Because bioturbation will be low 
in this last scenario, the transport of water from the seabed surface towards deeper parts in the 
seabed will not be as homogeneous and strong variations in water content through depth will be 
observed (Figure 20a, d -e). Contrary to this, the more biologically dominated sites (SC2, SC3, 
IOR) had lower water content with more clustered and homogeneous values through depth 
(Figure 20b-c, f).
With respect to biological controls in deposition and erosion processes, fecal pellet 
concentration was measured as a proxy for sediment biostabilization. Schaffner et al. (2001) 
noted high pellet concentrations in sediment of the York River, but sediment pelletization and its 
effects on sediment transport processes has not previously been examined in the York River 
estuary. It is known that pellets can be an important component in sediment transport processes 
in systems such as intertidal mudflats (Lumborg et al., 2006). Their sinking rates are higher than 
the rates of their individual particles and this can increase sedimentation rates and enhance the 
deposition of particles (Taghon et al., 1984). Fecal pellets are stable aggregates that in high 
concentrations can protect the upper soft mud layer in the seabed surface from being carried 
away by generating an armored layer of the cohesive sediments and increasing seabed density.
The fecal pellet concentration was relatively similar among the six sites surveyed. Some 
seasonal variations were observed, especially during the late summer and fall seasons when the 
highest concentrations were registered (Figure 16). It is expected to observe more bioturbation 
during seasons with high water temperature. However, the highest depositional events occurred 
during winter and spring seasons when the biological activity was expected to be low. Spatial
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variation in deposition and erosion were also identified and confirmed through thick lamination 
layers identified in most of the x-rays (except from the highly biologically dominated sites) 
indicative of strong physical processes mainly during November, January and March. Contrary 
to what was expected, no strong spatial variation in the concentration of fecal pellets was 
identified even with sites varying between 3 to 10 meters in depth. Slightly higher 
concentrations were found in MCI, MC2 and IOR sites. Interestingly, this pattern agrees with 
the seasonal variation in settling velocity observed by Friedrichs and Cartwright (2009) which 
may indicate that fecal pellets may be playing a different role in sediment transport processes not 
related to depositional and erosional events.
Though no indications of higher sedimentation or higher seabed density were observed 
during summer and most of the fall, the sub-bottom data collected during these seasons may not 
be enough to establish the importance of fecal pellets in sediment transport. Despite the lack of 
sub-bottom data for August and September, the decrease in the thickness of the soft mud layer 
during June and July after a period of high thickness; the low thickness in October may indicate 
that the decrease in thickness continued throughout the fall season. The x-rays from summer and 
fall also showed few thin lamination layers in some sites during this period with the thickest 
lamination layers found from November 2008 through March 2009.
Fecal pellets can be playing a different role in sediment transport processes at Clay Bank. 
After erosion occurs in the early to middle summer, pellets could be generating a stable condition 
during the late summer and fall where the depositional and erosional events will balance each 
other. Pellets could be armoring the thin layer of soft mud always present and observed in the 
soft mud layer thickness maps from July through October 2008. Another possibility is that this 
thin layer of fecal pellets observed in the top 2 cm of the seabed generates a fme-sediment lag
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deposit mainly observed during September and October 2008, when fecal pellet concentrations 
were the highest observed. In figures 8e and 8f, the soft mud layer varied between 1 -4 cm in 
thickness and could be mainly composed of fecal pellet material. This will protect surficial 
sediments from being eroded. Erosion will be sporadic from summer to fall due to the low 
magnitude in physical processes (with exception of storm events). At the same time, no big 
depositional events will take place during this period of time because the pool of sediments will 
not be available until the next STM occurrence that will start forming in November. This would 
keep water content stable from summer through fall as was observed in this work.
Seasonal and spatial variations in the thickness of the soft mud layer observed at Clay 
Bank and Ferry Point sites showed to be mainly driven by the occurrence of the STM at this site. 
No strong indications were found that sediment water content examined in this work may have 
an important influence in sediment transport processes. These findings are consistent with 
Dickhudt (2008) conceptual model. However, sediment pelletization exhibits a more important 
role on seabed armoring and seabed resuspension specifically during summer and fall seasons 
when the STM is not present.
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Conclusions
Strong temporal variations in the soft mud layer thickness were found. Higher 
thicknesses were observed during winter and spring and lower thicknesses during summer and 
fall. The maximum soft mud layer thickness of ~22 cm was observed in March 2009. The 
months with high thicknesses in the soft mud layer coincided with periods of high freshwater 
discharge from the Pamunkey River and the occurrence of the STM. X-radiographs confirmed 
this pattern of high thicknesses in the soft mud layer during winter and spring with a series of 
thick laminations varying from 2 to 20 cm. Higher clay to silt ratios were also registered during 
this period. Strong spatial variations in the soft mud layer thickness were also found between the 
main and secondary channel. During May, July, October, and November 2008 thicker soft mud 
layers were observed in the secondary channel. In March 2009 the thicker layers were observed 
in the main channel. Variations between the thicknesses in the soft mud layer may be generated 
by an across estuarine sediment transport during moderate current conditions, strong waves, 
wind stress, and changes in spring and neap tides. Further investigation should focus on the 
effects of currents and changes in spring and neap tides on the mobilization of the soft mud layer 
across and along the channel.
Strong spatial variations in sediment character were observed between and within 
subenvironments. The SW main channel flank, the main channel and the secondary channel site 
upriver were physically dominated with high mud content and thick laminations mainly during 
winter and spring. The secondary channel sites down river were biologically dominated sites 
with alternations between mud and sand content. No preserved physical structures were 
observed in the x-radiographs. The inactive oyster reef showed both physical and biological 
structures in the x-radiographs, very mottled structures most of the year and very high sand
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content. Overall, there is high spatial variability within and between subenvironments across the 
Clay Bank area in the York River.
No correlation was found between the commonly used bed properties proxy of water 
content and variations in the thickness of the soft mud layer. Contrary to the expected, the six 
sites surveyed showed similar values of water content with slight variations spatially and 
temporally. Dickhudt (2008) also found no significant correlation between solids fraction and 
erodibility measurements. Despite the importance of water content as a proxy to determine the 
stability of the bed, no relationship was found which indicates that some other parameter is 
generating a bigger effect in sediment transport processes. Measurements of fecal pellets 
concentration showed no spatial variation. Higher concentrations were observed during summer 
and fall seasons when the thickness of the soft mud layer ranged between 1-4 cm. This indicates 
that fecal pellets may be generating a fine-sediment lag deposit during this period of the year. 
Sediment pelletization may have a more important role than water content on sediment transport 
within Clay Bank area and may be affecting other sediment transport processes such as the 
characteristics of sediment settling velocities.
In conclusion, the seasonal variations observed in the thickness of the soft mud layer 
characterized by rapid depositional events are part of a seasonal cycle mainly driven by the STM. 
Different processes control sediment transport across the channel depending on bathymetry, 
sediment composition and seabed morphology. Water content showed no indications of 
controlling seabed stability. Sediment pelletization showed a stronger effect in sediment 
transport by armoring the seabed during summer and fall seasons.
44
Figures
45
395-
37 7 -
39-
37 .6 -
385-
37 5 -
38-
37 4 -
375-
37 3 -HajiQ!
37-
37 2 -
-772 •77.1 •76 9 •768 -76.7 •76.6 •765 •76 4 •76 3-755
SCI
Ik
SC2
SC3
r  V
% a s M *
IOR
o
L
85 170_I_ 340 Miles
Figure 1 A) Map of Chesapeake Bay and B) York River, USA. C) Inset of nautical chart from NOAA Charts
(# 12241 and 12243) of Clay Bank (CB * )  and Ferry Point (FP ^ ) areas indicating the channel 
subenvironments. The main channel is represented in dark brown, main channel SW and NE flanks in light 
brown, inactive oyster reef in white, secondary channel in light yellow, secondary channel flank in yellow 
and shoal areas in blue. Sampling sites are indicated by blue circles.
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March 31/08 X X X X X
April 23/08 X X X X
May 20/08 X X X X
June 18/08 X X X X
July 25/08 X X X X
August 19/08 X X X X
Blockl Line 5 (MC1) 37" 20.281 ' N 76"36.338' W September 8/08 ..........X ........... X X X X
Main channel SW No
October 21/08 X X X X X
November 20/08 X X X X X
December10/08 X X X X X
January 23/09 X X X X X
March 31/09 X X X X X
April 24/08 X X X X
May 21/08 X X X X
June 19/08 X X X
July 28/08 X X X X
August 20/08 X X X X
Block2_Line 15 (SC2) 37" 20.929 ' N 76° 37.835 ' W September Down river secondary channel
No
October 22/08 X X X X X
November 24/08 X X X X X
December 17/08 X X X X X
January 23/09 X X X X X
April 1/09 X X X X X
April 24/08 X X X X
May 21/08 X X X X
June 19/08 X X X
July 28/08 X X X
August 20/08 X X X X
Block2_Line 15 (IOR) 37° 20.077 ’ N 76° 36.866 ' W September Inactive oyster reef No
October 22/08 X X X X
November 24/08 X X X X X
December 17/08 X X X X X
January 23/09 X X X X X
March 31/09 X X X X X
April 23/08 X X X
May 20/08 X X X X
June 18/08 X X X
July 25/08 X X X
August 19/08 X X X X
Block3_CRR_Line 4 37" 20.935 ' N 76°37.281 ' W September X Main channel No
October 21/08 X X X X X
November 20/08 X X X X X
December 11/08 X X X X X
January 23/09 X X X X X
March 31/09 X X X X X
April 24/08 X X X X
May 21/08 X X X X
June 19/08 X X X X
July 28/08 X X X X
August 20/08 X X X X
Down river
(SC3) 37° 20.478 ’ N 76° 37.451 ' W September 8/08 X X X X secondary channel
October 22/08 X X X X X
November 24/08 X X X X X
December 10/08 X X X X X
January 22/09 X X X X X
March 31/09 X X X X X
Table 1 Location, dates and types of data collected at each of the six sites surveyed. The (x) indicates sub-bottom 
data and/or sediments samples were collected.
Core description Dimensions
Fecal pellet cores ~12.7cmx~3.8cm
Be radiochemical 
analyses cores
~12.7cmx 7.6cm
Water content cores 
(Syringes)
~ 10.2cm x~2.5cm
X-ray trays ~10-20cmx~12cm
Table 2 Dimensions for each of the different cores used for the collection of sediments for each of the analyses 
applied.
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Figure 2 York River bathymetry. Inset of the distribution of the survey line blocks (B l, B2, B3, and B4) ran with 
the dual frequency sonar along and across Clay Bank and Ferry Point sites.
49
Figure 3 Portion of the sub-bottom profile 21 May08_CRR_Linel collected in May 2008. Raw output from the dual 
frequency echosounder for channel 1(a) and channel 2 (b). Digitized seafloor for channel 1 (c) and channel 
2 (d). Seabed reflector depth is indicated with the red line.
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Figure 4 Portion of the sub-bottom profile 21 Oct08_CRR_Line 1 collected in October 2008. Raw output from the 
dual frequency echosounder for channel 1(a) and channel 2 (b). Digitized seafloor for channel 1 (c) and 
channel 2 (d). Seabed reflector depth is indicated with the red line.
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Figure 5a-b Temporal variation in the soft mud layer thickness at Clay Bank (a) and Ferry Point (b). The layer 
thickness values are an averaged thickness for each month. Data for August 2008 and February 2009 is 
not available at Clay Bank. Data for August, September 2008 and February 2009 is not available at Ferry 
Point.
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Figure 6 Variations in the thickness of the soft mud layer from April 2008 through March 2009 across the York 
River channel at Clay Bank. The subenvironments locations across the channel are indicated below the 
graph. Dashed lines represent spring and winter seasons. Solid lines represent summer and fall seasons. 
The circles indicate the thicknesses for each of the subenvironments through time.
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Figure 7 April 2008 through March 2009 soft 
mud layer thickness contour maps for Clay 
Bank. The bathymetry is shown in black lines. 
Soft mud layer thickness scale is in meters (0-22 
cm). Months and years are shown at the bottom 
left side of the maps. The subenvironments are 
delineated in different colors: (from the left to 
the right) between pink and purple lines = 
secondary channel; between purple and green 
lines- inactive oyster reef; between green and 
red= main channel SW flank; red lines= main 
channel. Sampling sites are shown as blue 
circles.
54
' JhJdo (m)
Soft mud layer Figure 8 Soft mud layer thickness contour
Thickness (m) maps for Ferry Point from April 2008 through
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Figure 9a April 2008 soft mud layer thickness contour maps for Clay Bank. The bathymetry is shown in 
black lines. Soft mud layer thickness scale is in meters (0-16 cm). The subenvironments are delineated in 
different colors: (from the left to the right) between pink and purple lines = secondary channel; between 
purple and green lines= inactive oyster reef; between green and red= main channel SW flank; red lines= 
main channel. Sampling sites are shown as blue circles.
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Figure 9b May 2008 soft mud layer thickness contour maps for Clay Bank. The bathymetry is shown in 
black lines. Soft mud layer thickness scale is in meters (0-16 cm). The subenvironments are delineated in 
different colors: (from the left to the right) between pink and purple lines = secondary channel; between 
purple and green lines= inactive oyster reef; between green and red= main channel SW flank; red lines= 
main channel. Sampling sites are shown as blue circles.
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Figure 9c June 2008 soft mud layer thickness contour maps for Clay Bank. The bathymetry is shown in 
black lines. Soft mud layer thickness scale is in meters (0-16 cm). The subenvironments are delineated in 
different colors: (from the left to the right) between pink and purple lines = secondary channel; between 
purple and green lines= inactive oyster reef; between green and red= main channel SW flank; red lines= 
main channel. Sampling sites are shown as blue circles.
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Figure 9d July 2008 soft mud layer thickness contour maps for Clay Bank. The bathymetry is shown in 
black lines. Soft mud layer thickness scale is in meters (0-16 cm). The subenvironments are delineated in 
different colors: (from the left to the right) between pink and purple lines = secondary channel; between 
purple and green lines= inactive oyster reef; between green and red= main channel SW flank; red lines= 
main channel. Sampling sites are shown as blue circles.
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Figure 9e September 2008 soft mud layer thickness contour maps for Clay Bank. The bathymetry is 
shown in black lines. Soft mud layer thickness scale is in meters (0-16 cm). Only data from the main 
channel is available for this month. The subenvironments are delineated in different colors: (from the left 
to the right) between pink and purple lines = secondary channel; between purple and green lines- inactive 
oyster reef; between green and red= main channel SW flank; red lines= main channel. Sampling sites are 
shown as blue circles.
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Figure 9f October 2008 soft mud layer thickness contour maps for Clay Bank. The bathymetry is shown in 
black lines. Soft mud layer thickness scale is in meters (0-16 cm). The subenvironments are delineated in 
different colors: (from the left to the right) between pink and purple lines -  secondary channel; between 
purple and green lines= inactive oyster reef; between green and red= main channel SW flank; red lines= 
main channel. Sampling sites are shown as blue circles.
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Figure 9g November 2008 soft mud layer thickness contour maps for Clay Bank. The bathymetry is 
shown in black lines. Soft mud layer thickness scale is in meters (0-16 cm). The subenvironments are 
delineated in different colors: (from the left to the right) between pink and purple lines = secondary 
channel; between purple and green lines^ inactive oyster reef; between green and red= main channel SW 
flank; red lines= main channel. Sampling sites are shown as blue circles.
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Figure 9h December 2008 soft mud layer thickness contour maps for Clay Bank. The bathymetry is 
shown in black lines. Soft mud layer thickness scale is in meters (0-16 cm). The subenvironments are 
delineated in different colors: (from the left to the right) between pink and purple lines = secondary 
channel; between purple and green lines= inactive oyster reef; between green and red= main channel SW 
flank; red lines= main channel. Sampling sites are shown as blue circles.
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Figure 9i January 2009 soft mud layer thickness contour maps for Clay Bank. The bathymetry is shown in 
black lines. Soft mud layer thickness scale is in meters (0-16 cm). The subenvironments are delineated in 
different colors: (from the left to the right) between pink and purple lines = secondary channel; between 
purple and green lines= inactive oyster reef; between green and red= main channel SW flank; red lines= 
main channel. Sampling sites are shown as blue circles.
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Figure 9j March 2009 soft mud layer thickness contour maps for Clay Bank. The bathymetry is shown in 
black lines. Soft mud layer thickness scale is in meters (0-22 cm). The subenvironments are delineated in 
different colors: (from the left to the right) between pink and purple lines = secondary channel; between 
purple and green lines= inactive oyster reef; between green and red= main channel SW flank; red lines= 
main channel. Sampling sites are shown as blue circles.
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Figure lOa-b Spring 2008 soft mud layer thickness contour maps for Ferry Point. The bathymetry is 
shown in black lines. Soft mud layer thickness scale is in meters (0-22 cm). Months and years 
are shown at the top of the maps. The subenvironments are delineated in different colors: (from 
the left to the right) between pink and purple lines = secondary channel; between purple and 
green lines= inactive oyster reef; between green and red= main channel SW flank; red lines= 
main channel. Sampling sites are shown as blue circles.
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Figure lOc-d Summer 2008 soft mud layer thickness contour maps for Ferry Point. The bathymetry is
shown in black lines. Soft mud layer thickness scale is in meters (0-22 cm). Months and years are 
shown at the top of the maps. The subenvironments are delineated in different colors: (from the 
left to the right) between pink and purple lines = secondary channel; between purple and green 
lines= inactive oyster reef; between green and red= main channel SW flank; red lines= main 
channel. Sampling sites are shown as blue circles.
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Figure lOe-f Fall 2008 soft mud layer thickness contour maps for Ferry Point. The bathymetry is shown in 
black lines. Soft mud layer thickness scale is in meters (0-22 cm). Months and years are shown at 
the top of the maps. The subenvironments are delineated in different colors: (from the left to the 
right) between pink and purple lines = secondary channel; between purple and green lines= 
inactive oyster reef; between green and red^ main channel SW flank; red lines= main channel. 
Sampling sites are shown as blue circles.
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Figure lOg-i Winter 2008 and early 
spring 2009 soft mud layer thickness 
contour maps for Ferry Point. The 
bathymetry is shown in black lines. Soft 
mud layer thickness scale is in meters (0- 
22 cm). Months and years are shown at 
the top of the maps. The subenvironments 
are delineated in different colors: (from 
the left to the right) between pink and 
purple lines = secondary channel; between 
purple and green lines= inactive oyster 
reef; between green and red= main 
channel SW flank; red lines= main 
channel. Sampling sites are shown as 
blue circles.
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Figure lla-f Grain size distribution for Clay Bank and Ferry Point sites from April 2008 through March 
2009. Sediment fractions represent the average of two replicates for the upper 2 cm of the 
seabed. The standard error for the two replicates is shown in the error bars.
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Figure 13 Time series of solids volume fraction of mud matrix ( 0 sm) of upper 2 cm of the seabed.
72
H
6S
B> 
iii
4
Figure 14 X-radiographs negative images for Clay Bank and Ferry Point sites. Sites, months and years of collection 
are shown within the image (Sites: MC2, MCI, SCI, SC3, SC2, IOR; Months: A=August, 0=October, 
J=January, M=March; Year: 08=2008; 09=2009).
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Figure 15 Be-7 sediment isotope inventory (dpm/g '3cm) for the top 2cm from April 2008 through March 
2009.
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Figure 16 Spatial variation in fecal pellet % for each site at Clay Bank and Ferry Point from April 2008 through 
March 2009. Fecal pellet % in the y-axis and sites in the x-axis. The top panel represent the spatial 
variation in fecal matter concentration for the interval 0-1 cm in the seabed. The panel below represents the 
concentration for the interval 1 -2cm. The bars represent the averaged concentration of fecal pellets for the 
two replicates per month. Standard errors for the replicates are shown as error bars.
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Figure 17 Temporal variation in fecal pellet % for each site at Clay Bank and Ferry Point from April 2008 through 
March 2009. Fecal pellet % in the y-axis and months in the x-axisThe top panel represent the temporal 
variation in fecal matter concentration for the interval 0-1 cm in the seabed. The panel below represents the 
concentration for the interval 1 -2cm. The bars represent the averaged concentration of fecal pellets for the 
two replicates per month. Standard errors for the replicates are shown as error bars.
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R2 values
Sediment Properties Sand Water content Clay/silt ratio Clay Silt Acidified sand Fecal pellets
Sand 0.264881784 8.95233E-05 0.279885 0.219973 0.987455533 0.045940091
Water Content 0.264882 0.011627196 0.33062 0.200621 0.260593122 0.005160989
Clay/silt ratio 8.95E-05 0.011627196 0.401454 0.331263 0.000774223 0.006393687
Clay 0.279885 0.330620115 0.401454228 0.020572 0.285503833 0.025333976
Silt 0.219973 0.200620647 0.331263096 0.020572 0.209072155 0.01183934
Acidified sand 0.987456 0.260593122 0.000774223 0.285504 0.209072 0.054595745
Fecal pellets 0.04594 0.005160989 0.006393687 0.025334 0.011839 0.054595745
P-values
Variables Sand W ater Content Clay/silt ratio Clay Silt Acidified Sand Faecal Pellets
Sand <0.01 0.6296 <0.01 <0.01 <0.01 0.3865
W ater Content <0.01 0.6174 0.0000 0.0000 <0.01 0.0744
Clay/silt ratio 0.6296 0.6174 <0.01 <0.01 0.397 0.7048
Clay <0.01 <0.01 <0.01 <0.01 <0.01 0.767
Silt <0.01 <0.01 <0.01 <0.01 <0.01 0.3619
Acidified Sand <0.01 <0.01 0.397 <0.01 <0.01 0.2149
Faecal Pellets 0.3865 0.0744 0.7048 0.767 0.3619 0.2149
Table 3 Top table, R2 values combining all the parameters measured. R is Pearson's rho. Bottom table shows the 
p-values.
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Figure 19 Time series of clay to silt ratio per site. Values represent the averaged clay to silt ratio in the 
top 2 cm for two replicates. Error bars represents the standard error for the replicates.
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Figure 20a-f Variability in seabed composition and structure between and within subenvironments. Top: 
ternary graph showing variability in grain size between sites. Middle: Clay Bank across channel 
bathymetric profde. Bottom: x-radiographs showing variability in physical and biological structures 
within the strata between sites. Sites name is indicated at the bottom of the x-radiographs and their location 
within the bathymetric profile is shown with the arrows.
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Figure 21a-c Water content percent from 0-11cm profiles per site. The lines represent the averaged 
water content for two replicates for each site per month.
81
M
M
+o
m
 
De
pth
 
(c
m
)
MC1 MC2
Water Content (%) Water Content (%)
2 —
10  —
12 —1
2 -
4 —
Eo
10 —
Months
April 08 
M ay 08 
Ju n e  08 
July 08 
A ugust 08  
O ctober 06 
N ovem ber 08 
Jan u ary  00 
M arch 09
IOR
Water Content (%)
2 -
4 —
E
JC
CL
4)Q
10 -
12 —I
Figure 21d-f Water content percent from 0-11cm profiles per site. The lines represent the averaged 
water content for two replicates for each site per month.
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Appendix I
Sediment data from 0-2 centimeters of the seabed
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Explanation of Appendix I data table headings
Site (interval)-replicate # - Site name (intervals 0-1 cm or 1-2 cm in the seabed)-replicate 
number. Refer to Table 1 and Figure 1 for sites information.
Clay -  Clay fraction. Mass of clay per total sediment mass. Clay fraction was determined by 
pipette test grain sizing. Clay fraction = <4 pm in diameter.
Silt -  Silt fraction. Mass of silt per total sediment mass. Silt fraction was determined by pipette 
test grain sizing. Silt fraction = >4 pm and <63 pm.
Normal sand -  Normal sand fraction. Mass of sand per total sediment mass. Sand fraction was 
determined by retention on a 63 pm sieve.
Acidified sand -  Acidified sand fraction. Mass of sand minus the acid fraction per total 
sediment mass. Sand fraction was determined by retention on a 63 pm sieve. The sand fraction 
was then acidified and dried.
Clay to silt ratio -  Clay fraction per silt fraction.
Water content -  Water fraction. Mass of water per total sample mass. Water fraction was 
determined by standard wet weight/dry weight analysis.
Fecal pellets -  Fecal pellets fraction. The subtraction between the normal sand fraction and the 
acidified sand fraction.
0 sm - Solids volume fraction of mud matrix. Determined from 0 sto, and sand fraction. 
Calculated based on Dickhudt (2008).
ND - No data available.
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M o n th S ite  (in te rv a l)  * re p lic a te  # Clay Silt N orm al sa n d A cidified sa n d d a y /s i l t  r a t io W a te r  c o n te n t 0 sm Fecal p e lle ts
April 2008 SCI (0-1) - la 0.4767 0.3387 0.1846 0.1796 1.4072 0.6633 0.1369 0.2000
SCI (1-2) lb 0.S212 0.3097 0.1690 0.1642 1.6829 0.6399 0.1251 0.1328
SCI (0-1) - 2a O.40B3 0.3309 0.2403 0.2329 1.1650 0,6818 0.119& 0.0570
SCI (1 2 ) 2b 0,6029 0.3181 0.0790 0.0810 1.8954 0.6699 0.1481 0.0951
MCI (0 1 ) - la 0,6100 0.3655 0.0244 0.0284 1.6686 0.6609 0.1609 0.1213
MCI (1-2)- lb 0.6082 0.3653 0.0265 0.0290 1.6650 0.6547 0.1543 0.1515
MCI (0-1) 2a 0.5983 0.3781 0.0236 0.0267 1.5825 0.6585 0.1625 0.176O
MCI (1-2)-2b 0.6471 0.3214 0.0315 0.0337 2.0133 0.6562 0.1628 0.12.15
SC2(0-1) - la 0.4340 0.2577 0.3083 0.3019 1.6838 0.5662 0.1687 0.0512
SC2 (1-2) lb 0.4119 0.2655 0.3226 0.3171 1.5512 0.5787 0.1589 0.0567
SC2 (0-1) -2a 0,3576 0.2445 0.3979 0.3864 1.4626 0.5157 0.178O 0.0564
SC2 (1-2) -2b 0.3920 0.2.501 0.3579 0.3460 1.5677 0.5170 0.1869 G.1551
IOR (0 1) -la 0.3564 0.2594 0.3842 0.3798 1.3737 0.4768 0.2056 0.0666
IOR (1-2) - lb 0.3248 0.1880 0.4S72 0.4797 1.7273 0.3724 0.2487 0.0605
IOR (0-1) -2a 0.41372 0.2.569 0.3359 0.3298 1.5852 0.5232 0.1870 0,0068
IOR (1-2) 2b 0.3459 0.2105 0.4436 0.4365 1.6437 O.S143 0.1675 0.006S
MC2 (0-1) - la 0.5372 C.26&4 0.1964 0.1945 2.016S 0.5304 0.182S 0.0115
MC2 (1-2) - lb 0.5551 0.2278 0.2171 0.2149 2.4364 0.6098 0.1610 0.0140
MC2 (0 1) 2a 0.4525 0.3071 0.2404 0.2373 1.4737 0.6264 0.1478 0.1342
MC2 (1-2) -2b 0.4693 0.3038 0.2269 0.223.1 1.5450 0.6204 0.1534 0.0500
SC3 (0-1) -la 0.3438 0.2935 0.3566 0.3487 1.1917 0.5075 0.1930 0.08S5
SCI (1 2 ) lb 0.3889 0.2390 0.3121 0.3035 1.3008 0.4928 0.2133 0.1054
SCI (0-1) -2a 0.4307 0.2.734 0.2959 0.2887 1.5751 0.5357 O.1602 0.0961
SCJ (1 2 ) -2b 0.3977 0.2773 0.325O 0.3187 1.4341 0.5332 0.1846 0.11S5
May 2008 SCI (0-1) - la 0.6432 0.2357 0.1212 0,1096 2.7293 0.6659 0.1440 0.2985
SCI (1 2 ) - lb 0.5688 0.3054 0.0258 0.6256 2.1301 0,6887 0.1443 0.1350
SCI (0-1) - 2a 0.4984 0.3595 0.1420 0.1269 1.3863 0.6S78 0.1298 0.2210
SCI (1-2)-2b 0.5459 0.3584 0.0957 0.08S1 1.5233 0.6551 0.1.537 0.1315
MCI (0 1) la 0.6063 0.3797 6.0141 0.019S 1.5370 0.6516 0.1680 0.17S2
MCI (1-2)-lb 0.6202 0.3689 0.0109 0.0161 1.6810 0.6668 0.1592 0.1436
MCI (0-1)-2a 0.6201 0.3 568 0.0231 0.0283 1.7381 0.6824 0.1483 0.1117
I Hi $ 0.5958 0.3882 0.0160 0.0197 1.5348 0,6662 0.1588 0.1326
s c i  (o-l) - la 0.4271 0.3106 0.2623 0.2444 1.3750 0.4248 0.2685 0.2.667
SC2 (1-2) - lb 0.3256 0.4121 0.2623 0.2440 0.79O2 0.5614 0.1808 0.2931
SC2 (0 1) 2a 0.1572 0.7480 0.0948 0.6S74 0.2102 0.6005 0.1874 0.2929
SC? (1-2) -2b 0.2577 0.5271 0.2152 0.1979 0.4888 0.5424 0.2023 0.2871
IOR (0-1) -la 0.2636 0.2593 0.4671 0.4477 0.9732 0.4743 0.1845 0.4335
IOR (1-2) - lb 0.2561 0.2104 0.5335 0.5157 1.2174 0.4060 6.2073 0.525?
IOR (0-1) -2a 0.2799 0.2133 0.5067 0.4865 1.3122 0.4338 0.19 78 0.5147
IOR (1-2)-2b 0.3245 0.1789 0.4966 0.4734 1.8138 0.4135 0.2148 0.5078
MC2 (0-1) - la 0.7997 0.0398 0.1105 0.1041 4.2139 0.6458 0.1574 0.1815
MC2 (1-2) - lb 0.5739 0.2317 0.1744 9.1543 2.2800 0,6532 0.1437 0.1758
MC2 (0-1) -2a 0.4387 0.3290 0.2322 0.2094 1.3333 0.5859 0.1721 0.253S
MC2 (1-2) -2b 0.5145 0.3074 0.1781 0.1595 1.6740 0.5946 0.1767 0.1751
SCJ (0 -1 )-la 0.5157 0.2462 0.2381 0.2347 2.0943 0.4572 0.2573 0.2514
SCJ (1-2) -lb 0.4349 0.2416 0.3235 0.3192 1.8000 0.4779 0.2206 0.4108
SC3 (0-1) -2a 0.53S7 0.2.612 0.1995 0.2012 2.0581 0.5278 0.2153 0.2005
SC 3 (1 2 ) 2b 0.5777 0.2000 0.2223 0.2220 2.8873 0.5033 0.2272 0.2661
June 2008 SCI (0-1) - l  a 0.6170 0.3622 0.0208 0.0176 1.7037 0.7367 0.1182 0.0250
SCI (1 2 ) lb 0.5312 0.3951 0.0737 0.0618 1.3443 0.6747 0.1460 0.047S
SCI (0-1) - 2a 0.6257 0.3473 0.0270 0.0288 1.801S 0.7425 0.1145 0.0062
SCI (1-2) -2b 0.5438 0.4053 0.0509 0.0475 1.3416 0.7617 0.1021 0.0O48
MCI (0-1) la 0.5514 0.3926 0.0560 0.0SS2 1.4043 0.6695 0.1514 0.0579
MCI (1-2) - lb 0.5486 0.3586 0.0828 0.0580 1.4884 0.6437 0.1628 0.1144
MCI (0-1) -2a 0.5647 0.3760 0.0594 0.0332 1.5018 0.6411 0.1678 0.0994
MCI (1 2 ) -2b 0.5989 0.3298 0.0713 0.0472 1.8160 0,6306 0.1724 0.0547
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SC2 JO-1) - Is 0.2406 0.5539 0.2055 0,1823 0.4343 0.56131 0.1921! 0.0374
SC.2 (1 2 ) - lb 0.1537 0.4957 0.3556 0.3284 0.326S n  0,4553 0.2280 0.0710
SC2 (0-1) -2a 0.5106 03085 0.1809 0.1652 1.6554 0.5721 0.1900 0.0063
SC2 (1-2) -2b 0.5907 0.2008 0.2S85 0.1571 2.9426 0.5180 0.2200 0.0266
IOR (0 1) -la 0.1538 0.17S3 0.6619 0.6475 0.8961 0.3535 0.1915 0.1151
IOR (3-2) - lb 0.1342 0.1242 0.7416 0.7294 1.0805 0.3621 6.1485 0.1731
IOR (0-1) -2a 0.1766 0.1105 0.7125 0,6965 1.5981 0.4272 0.12.85 0.0674
IOR (1-2) -2b 0.1775 0.1728 0.6498 0.6301 1.0273 0.3636 0.1902 0.0515
MC2 (0-1.) - la 0.4027 03706 0.2267 0.231.0 1.0865 0.5184 0.2158 0.0441
MC2 (1-2) - lb 0.3953 0.3472 0.2574 0.2619 1.1385 0.6231 0.1468 0.0417
MC2 (0 1) -2a 0.4221 0.2990 0.2789 0.2830 1.4115 0.5931 0.1593 0.0297
IVIC2 (1-2) -2b 0.4123 03186 0.2692 0.2.735 1.2938 0.6187 0.1471 0.0345
SC3 (0-1) - la 0.4535 0.2183 0.3282 0.3212 2.0780 0.5110 0.1976 0.0394
SCI (1-2) - lb 0.3316 0.1995 0,4088 0.4023 1.9627 0.4975 0.1851 0.0339
SCI (0-1) -2a 0.4184 0.23.57 0.3459 0.3438 1.7749 0.5532 0.1683 0.0679
SC3 (1-2) -2b 0.4200 0.2307 0.3453 0.3441 1.8203 0.5350 0.1781 0.0068
July 2008 SCI (o-i) - la 0.5852 03750 0.0398 0.0548 1.5605 0.6778 0.1488 0.0980
SCI (1-2) - lb 0.6024 0.3378 0.0598 0.0531 1.7833 0.6612 0.15.58 0.0674
SCI (0-1) 2a 0.6331 0.2714 0.0296 0.0322 2.5763 0.7158 0.1286 0.1373
SCI (1-2) -2b 0.8397 0.1191 0.0413 0.0668 7.0517 6.6767 0.1493 0.0822
MCI (0-1) - la 0.6343 0.3611 0.0046 0.0142 1.7568 0.6994 0,1408 0,1425
MCI ( 1 2 ) - lb 0.5536 0.4390 0.0073 0.0150 1.2611 0.6389 0.1769 C.1S58
MCI (0-1) -2a 0.38 73. 0.6119 0.0010 0.0061. 0.6326 0.7019 0.1338 0.0782
MCI (1-2) -2b 0.4977 0.4641 0.0383 0.0447 1.0725 0.6241 0.1816 0.0784
SC2 (0-1) - la 0.5094 0.0409 0.4497 0.4759 3.6146 0.5133 0.1666 0.0982
SC2 (1-2) - lb 0.3124 0.172.5 0.5152 0.5752 1.8105 0.5W3 0.1513 0.01S2
SC2 (0-1) -2a 0.2799 0.2012 0.5185 0.5145 1.3913 0.S354 0.1378 0.0738
SC2 (3-2) -2b 0.2333 0.2421 0.4666 0.4860 1.2.035 0.5213 0.157? 0.0453
IOR (0-1) - la 0.3762 0.2746 03492. 0.3627 1.3700 0.4998 0.1997 0.0814
IOR (1-2) -lb 0.3161 0.2176 0.4663 0.4746 1,4.524 0.4630 0.1317 O.0228
IOR (0-1) -2a 0.3037 0.2918 0.4045 0.4164 1.04O7 0.5393 0.162.8 0.4164
IOR (1-2) -2b 0.3524 0.2.358 03,82.8 0.4468 1.4167 0.5289 0.1742 0.0427
MC2 (0 1) la 0.2674 0.2271 0.5054 0.5465 1.1774 0.5623 0.1285 0.1553
MC2 (1-2)- lb 0.3835 0.3451 0.2-744 0.3234 1.1026 0.5313 0.1668 0,0454
MC2 (0-1)-2a 0.404J. 0.2446 0.3.52.3 0.38O4 1.5519 0.575.5 0.1549 0.0362
MC2 (1-2) -2b 0.4549 03032 0.2320 0.2701 1.5333 0.5612 O.1S70 0.0419
SCI (0-1) - la 0.3032 0.2267 0.4731 0.4752 1.3246 0.5102 0.1623 0.0678
SCI (1-2) - lb ND ND ND ND ND 0.4960 0.0000 0.4345
SC3(0-1) -2a 0.3516 D.197S 0.4509 0.4544 1.780.5 0.5S39 0.1449 0.0752
SCI (1-2) -2b 0.3468 0.2099 0.4434 0.4463 ^  1.6522 0.5293 0.1594 0.072.1
August 2008 SCI (0 1) - la 0.6795 0.3134 0.0071 0.0071 2.1683 0.7467 0.1143 0.07S2
SCI (1-2) - lb 0.6078 0.3731 0.0142 0.0144 1.6076 0.6915 0.1442 0.0877
SCI (0-1) - 2a 0.6424 035.53 0.0023 0.0063 1.S0S1 0.7636 0.1058 0.0743
SCI (1-2) 2b 0.6190 03690 0.0120 0.0130 1.6774 0.7397 0.1175 0.0811
MCI (0-1) - la 0.5194 0.4305 0.0501 0.0506 1.2066 0.5986 0.1961 0.1933
MCI (1 2 ) - lb 0.5120 0,4705 0.0176 0.0248 1.0881 0.6322 0.1736 0.1822
MCI (0-1) 2a 0.5978 03791 0.0231 0.0234 1.5771 0.6995 0.1385 0.1719
MCI (1-2) -2b 0.5276 0.4515 0.0210 0.0244 1.1685 0.6613 0.1611 0.2.421
SC2 (0-1) - la 0.3200 0.2855 0.3945 0.4185 1.1208 0.5509 0.1590 0.0863
SC2 (1-2) lb 0.2937 0.2716 0.4347 0.4772 1.0811 0.5241 0.1643 0.0631
SC2 (0-1) -2a 0.322.1 0.2.644 0.4135 0.4252 1.2182 0.4340 0.1932 0.1045
SC2 (1-2) -2b 0.3132 03720 0.3248 0.3262 0.8420 0.4502 0.2427 0.1096
IOR(0 1) -la 0.2140 0.1844 0.6016 0.6113 1.1805 0.3782 0.2005 0.0309
IOR (1-2) - lb 0.190! 0.1439 0.6660 0.7256 1.3210 0.3390 0.199? 0.0283
IOR (0 1) -2a 0.2CS48 0.1229 0.6723 0.6956 1.6667 0.3608 D.1813 0.0433
IOR (1 2 )  2b 0.1588 0.1235 0.7197 0.7582 1.2692 0.3S03 0.1661 0.0748
MC2 (0-1) - la 0.4646 0.2728 0.2&26 0.2697 1.7031 0.5373 0.195? 0.1652
MC2 (1-2) - lb 0.3331 0.2554 0.4115 0.4200 1.3046 0.5987 D.1312 0.0038
MC2 (0-1) -2a 0.4005 03631 0.2364 0.2460 1.1027 0.5905 0.1686 0.1009
MC2 (1-2) -2b 0.3461 0.2606 0.3933 0.4092 1.3280 0.5587 0.1551 0.0255
SC3 (0 1 ) - la 0.3923 0.2753 0.3323 0.3350 1.4248 0.5912 0.1503 0.0S57
SC3 (1-2) - lb 0.3210 0.2157 0.4634 0.4728 1.4882 0.5191 0.1600 0.0427
S O  (0-1)-2a 0.5058 0.4543 0.0358 0.144S 1.1134 0.4553 0.3055 0.1841
S O  (1-2) -2b 0.3532 0.4297 0.2111 0.2149 0.8361 0.4310 D.2852 0.2228
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Sep tem ber 2008 MCI (0-1) l*i 0.5953 0.3517 0.0530 0.0535 1.6328 0,6422 0.1681 0.2334
MCI (1-2) - lb 0.4S61 0.4902 0.043? 0.0388 0.3508 0.6729 0.1511 0.1741
MCI 10 1) -2a 0.5334 S.3446 0.023S 0.0274 1.8321 0.6623 0.1601 0.1909
MCI ( 1 2 ) - lb 0.545? 0.4145 0.0397 0.0341 1.3164 0.6523 0.1639 0.1715
SC3 (0-1) -la 0.4587 0.2544 0.2869 0.2792 1.8029 0.5105 D.2076 0.2372.
SC I (1 2 ) lb 0.3359 0.2149 0.4481 0,4378 1.5674 0.4414 0.2111 0.0929
St 3(0 1) -2a 0.3888 0.2233 0.38S0 0.3S26 1.7413 0.5353 0.1691 0.0489
SCI (1-2) -2b 0.4922 0.2973 0.2104 0.2007 1.6554 0.5702 0.1856 0.1257
O ctober 2008 SCI (0-1) - la 0.8528 0.1142 0.0323 0.0864 7.4262 0.6631 0.1585 0.1125
SCI (1-2) - lb 0.7S8S 0.0695 0.2619 0.1473 11.0652 0.6759 0.1334 0.1050
SCI (0-1) - 2a 0.4346 0.4350 0.0803 0.O751 1.1140 0.6762 0.1443 0.0534
s c i  ( i -2) 0.4279 0.5122 0.0599 0.0447 0.8354 0.6603 0.1560 0.0956
MCI (0-1) - la 0.3933 0.5924 0.0143 0.0135 0.5640 0.6212 0.1871 ^  0.2719
MCI (1-2) -lb 0.3334 0.S604 0.0062 0.0075 0.5049 0.6394 0.1767 0.2264
MCI (0-1)-2a 0.369? 0.6199 0.0105 0.0071 0.5964 0.715? 0.1309 0.1353
MCI (1-2) -2b 0.3353 0,6544 0.0103 0.0052 0.5123 0,7109 0.1336 0.0S43
SC2 (0 1) la 0.457? 0.4377 0.1D46 0.1O29 1.0458 0.SS1? 0.2179 0.27S3
SC2 (1-2) - lb 0.4550 0.3128 0.2322 0.7.206 1.4545 0.5170 0.2155 0.1168
SC2 (0 1) 2a 0.515S 0.2008 0.2S3& 0.2733 2.5676 0.4575 0.2455 0.1437
SC2 (1-2) -2b 0.5529 0.1304 0.2.168 0.2238 5.0085 0.4112 0.3005 0.1813
IOR (0-1) -la 0.6124 0.0289 0.3587 0.3456 2.H 90 0.537.4 0.1774 0.3234
IOR (1-2) - lb 0.533S 0.0099 0.4S62 0.4391 2.6813 0.5056 0.1692 0.1832
IOR (0-1) -2a 0.3509 0.2756 6,3735 0.3463 1.2736 0.4885 0.2008 0.2433
IOR (1-2) -2b 0.4049 0.3239 0.2712 0.2635 1.2500 0.4327 D.2679 0.3663
MC2 (0-1) - la 0.3368 0.6499 0,0133 0.6127 0.5183 0.7283 0.1236 0.1539
MC2 (1-2) - lb 0.2682 0.7104 0.0224 0.0216 0.377S 0.6981 0.1395 0.1899
MC2 (0-1) -2a 0.1708 0.8257 0.0025 0.0031 O.2067 0.7220 0.1282 0.1508
MC2 (1-2) -2b 0.2848 0.7059 0.0032 0.0812 0.4035 0.7019 0.1388 0.098?
SC3(0-1) la 0.9034 0.0241 0.072.5 0.0663 13.0138 0.5736 0.2089 0.2.836
SC3 (1-2) - lb 0.5402 0.0777 0.3821 0,2908 6.9552 0.5211 D.1786 0.2&S7
S O  (0-1) -2a 0.5125 0.0566 0.4309 0.411& 9.0625 0.4933 0.1829 0.1467
SC3 (1-2) -2b 0.5351 0.1163 0.2976 0.2881 5.0377 0.4661 0.2356 0.1501
N ovem ber 2008 SCI (0-1) la 0.2738 0.6845 0.0416 0.018S 0.4000 0.6505 0.1647 0.2334
SCI (1-2) - lb r ~~ 0.3958 0.5898 0.0134 0.012.8 0.5723 0.6941 0.1428 0.0856
SCI (0-1) - 2a O.6990 0.1894 0.1117 0.0865 3.6912 0.6840 0.1358 0.2189
SCI (1-2) -2b 0.7468 0.1744 0.0791 0.0582 4.2818 0.7273 0.1168 0.1264
MCI (0-1) - la 0.4196 0.5018 6.0786 0.0586 0.8363 0.6074 0.1857 0.1245
MCI (1 2 ) lb 0.374? 0.5539 0.0714 0.0545 0.6766 0.5446 0.2293 0.1267
MCI (0-1) -2a 0.3892 0.5574 0.0535 0.0426 0.6982 0.6053 0.1912 0.1054
MCI (1-2) -2b 0.4815 0.4794 0.0391 0.0308 1.0043 0.5935 0.2013 0.1019
SC2 (0-1) la 0.6360 0.1480 0.216O 0.1985 4.2979 0.5874 0.1742 0.0606
SC2 (1-2) - lb 0.6303 0.0450 0.3247 0.3087 6.6334 0.5390 0.1811 O.0O53
SC2 (0-1) -2a 0.6303 0.1776 0.1922 0.1799 3.5490 0.5092 0.2297 0.0269
SC2 (1-2) -2b 0.5090 0.1310 0.36GG 0.324S 3.8855 0.48714 0.2069 0.1805
IOR (O-l) - la 0.4918 0.0216 0.4866 0.4146 6.8688 0.42.72 0.2086 0.1931
IOR (1 -2 )- lb 0.47B0 0.0664 0.4556 0.4331 7.1944 0.4028 0.2362 0.1500
IOR (0-1) -2a 0.4120 0.4688 0.1192 0.1141 0.8783 O.S055 0.2474 0.2281
IOR (1-2)-2b 0.4228 0.2438 0.3334 0.3211 1.7344 0,4780 0.2180 0.1991
MC2 (0-1) - la 0.7168 0,1955 0.0877 0.0804 3.6667 0.6889 0.1353 0.0730
MC2 (1-2) - lb 0.875? 0.1057 0.0186 0.0441 8.285? 0.689? 0.1447 0.161?
MC2 (0-1) -2a 0.3104 0.6265 0.0631 0.0554 0.4954 0.7073 0.1293 0.0789
MC2 (1 2 )  -2b 0.7869 0,1684 0.0448 0.0428 4.6731 0.6998 0.1357 0.0S53
SC3 (0 1) la 0.3169 0.2751 0.4CIS0 0.3856 1.1522 0.6391 0.1135 0.0464
S O  (1-2) - lb 0.2760 0.2.671 0.4569 0.4331 1.0336 0.5703 0.1353 0.0140
S O  (0 -1 )-2a 0.2821 0.3014 0.4165 0.3947 0.9360 0.4915 0.1878 0.0451
SC 3 (1-2) 2b 0.2622 0.3076 0.4302 0.4069 0.8523 0.3660 0.2743 0.0275
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December 200s SCI <0-1) - la ND ND ND ND ND ND ND ND
SCI (1-2) - lb ND ND ND ND ND ND ND ND
SCI (0-1) 2a ND ND ND NO ND ND ND ND
SCI (1 2 ) 2b ND ND ND ND NC ND ND ND
MCI (0 1) la 0.397£s 0.4520 0.1510 0.1313 0.S783 0,6447 0.1520 0.1310
MCI (1 2 ) lb 0.4938 0.4431 O.0631 0.0535 1.1146 0.6492 0.1624 0.1202
MCI (0 1) -2a 0.3S4S 0.5101 0.0954 0.0813 0.7733 0.6254 0.1719 0.0766
MCI (1-2) -2b 0.3956 0.5260 0.0784 0.P680 0.7521 0.7137 0.1240 0.1815
SC2 (0-1) -la 0.6973 0.0723 0.2305 0.2153 9.6500 0.5970 0.1660 0.0712
S O  (1-2) - lb 0.5840 0.0771 0.3389 0.3216 7.5778 0.5777 0.1562 0.1054
SC2(0-1) -2a 0.5935 0.1622 0.2443 0.2355 3.5600 0.54.37 0.1942. 0.1663
S O  (1-2) -2b 0.5882 0.1303 0.2817 0.2670 4.5143 0.4707 0.2362 0.1302
tOR(O-l) -la 0.5354 0.0932 0.3213 0.2926 6.2787 0.5114 0.1990 0.10S9
iOK (1-2) - lb 0.5132 0.1009 0.3800 0.3691 5.1463 0.4957 0.1946 0.0446
lOR (0-1) -2a 0.4447 0.0878 6.4675 0.3798 S.0660 0.4638 0.1908 0.1517
IQR (1 2) -2b 0.4759 0.2128 0.3113 0.2998 2.2362 0.4562 0.2392 0.2291
MC2 (0-1) la 0.7175 0.1069 0.1756 0.1327 6.7091 0.6631 0,1382 0,0280
MC2 (1-2) - lb 0.3079 0.0843 0.107? 0.1025 9.5789 0.6938 0.1311 0,0846
MC2 (0-1) -2a 0.5526 0.2311 0.1173 0.11.19 2.8194 0.6843 0.1349 0.1355
M O  (1-2)-2b 0.5510 0.3038 0.1452 0.132.5 1.8137 0.6983 0.12.39 0.0332
SCi (0-1) - la 0.2708 0.2879 0.4413 0.4208 0.9405 0.4793 0.1886 0.0585
S O  (1-2) - lb 0.1919 0.2153 0.5928 0.5768 0.8912 0.4559 0.1569 0.0327
S O  (0-1) -2a 0.2026 0.2495 0.5489 0.5292 6.8082 0.5627 0.1184 0.0238
S O  (1 2 ) 2b 0.1820 0.2358 0.5822 0.5623 0.772O 0.5393 0.1203 0.0214
January 2009 SCljO-1) - l a 0.4059 0.4059 0.1&S3 0.1575 1.0000 0.6951 0.1200 0.0364
SCI (1 -2 )- lb 0.4751 0.4530 0.0719 O.0S82 1.048S 0.7190 0.1220 0.0101
SCI (0 1) • 2a 0.7245 0.2045 0.0705 0.0698 3.5421 Cf.6815 0,1425 0.1370
SCI (1 -2 )-2b 0.6345 0,3446 0.0209 0.020? 1.8414 0.6414 0.1733 0.1227
MCI (0 -1 )-la 0.5146 0.4301 0.0553 0X494 1.1964 0.6706 0,1509 0.0840
MCI (1-2) - lb 0.5369 0.4340 0.0292 0.02.67 1.2371 0.6993 0.1379 0.0238
MCI (0-1)-2a 0.532? 0.4242 0.0441 0.0428 1.2534 0.6622 0.1,574 0.1002
MCI (1-2) -2b 0.5717 0.3960 0.0322 0.0316 1.4437 0.6342 0.1762 0.1076
SC2 (0-1) -la 0.6088 0.2061 0.1852 0.1719 2.9542 0.5269 0.2189 0.1263
SC2 (1-2J lb 0.5337 0.2360 0.1753 0.1680 2.4950 0.4750 0.2588 0.1456
SC2 (0-1) -2a 0.7361 0.1557 0.1082 0.1067 4.7273 0.6232 0.1712 0.0937
SC2 (1 2 ) -2b 0.5720 0.2239 0.2041 0.1593 2.5541 0.5944 0.1722 0.1765
lOR (0-1) - la 0.5163 0.1768 0.3069 0.2787 2.9207 0.5410 0.1833 0.1881
(OR (1-2) l b 0.3417 0.0922 0.5662 0.556? 3.7077 0.4564 0.1652 0.1859
iQR (0-1) -2a 0.4526 0.1628 0.3846 0.3702 2.7799 0.5518 0.1507 Q.13D2
lOR (1-2) -2b 0.5525 0.0578 0.3797 0.3635 8.1.538 0.4688 0.2121 0.1419
MC2 (0-1) - ta 0.S4S6 0.096? 0.0547 0.0536 S. 7736 0.684.5 0.1430 0.1346
MC2 (1-2) - lb 0.8292 0.1522 0.0287 0.0267 5.3830 0.6939 0.1410 0.0845
MC2 (0-1) -2a 0.9129 0.0604 0.0267 0.0227 S.6904 0.7137 0.1301 0.1337
MC2 (1-2) -2b 0.7692 0.1637 0.0672 0.06-4-4 4.6990 0.6820 0.1428 0.1385
S O  (0-1) -la 0.6714 0.1355 0.1831 0.1822 4.9545 0.5507 0.2014 0.15SS
S O  (1-2) - lb 0.3445 0.2902 0.3653 0.3396 1.1869 0.5256 0.1733 0.1044
S O  (0-1)-2a 0.4417 0.2825 0.2759 0.2554 1.5636 0.5245 0.2009 0.0821
S O  (1-2) 2b 0.3610 0.2628 0.3762 0.3551 1.3735 0.4969 0.1948 0.1291
March 2009 SCI (0-1) la 0.6740 0,2.823 0.0437 0.0391 2.3874 0.4,841 0.2807 0.1055
SCI (1-2)- lb 0.606? 0.3083 0.0851 0.0739 1.9680 0.5258 0.2402 0.1108
SCI (0-1) - 2a 0.7044 0.2465 0.0490 0X446 2.8571 0.7490 0.1088 0.0578
SCI (1-2) -2b 0.5832 0.2905 0.0263 0.0255 2.3520 0,6.995 0.1438 0.0897
MCI (0-1) - la 0.5263 0.3523 0.0224 0.0174 1.7778 6.70.55 0.1353 0.1545
MCI (1-2)- lb 0.5890 0.3778 0.0331 0.0122 1.5590 0.6729 0.1525 0.08S2
MCI (0-1) -2a 0.5500 0.4423 0.0077 0.0174 1.2434 0.6402 0.1760 0.1418
MCI ( 1 2 ) -2b 0.5836 0.4159 0.0005 0.0198 1.4031 0.6345 0.1807 0.0860
SC2 (0-1) la 0.4618 0.2612 0.2769 0.2490 1.7679 0.5507 0.1843 0.0887
SC2(1 -2) lb 0.2331 0.2095 0.5573 0.5242 1.1123 0.4719 0.1595 0.0503
SC2 (0-1) 2a 0.6652 0.1959 0.1389 0.1263 3.3953 O.70S3 0.1206 0.1577
SC2 (1 2 )  -2b 0.3944 0.3162 0.2893 Ct.2712 1.2473 0.6143 0.1450 0.0985
(Of! (0-1)- la 0.3303 0.2S46 O.4051 0.3886 1.2486 0.5843 0,1395 0.1425
lOR (1-2) - lb 0.2791 0.1710 0.5499 0.5369 1.6329 0.5284 0.1333 0.0111
(OR (0-1) - is 0.3495 0.1401 0.5104 0.4777 2.4947 0.5225 0.1463 0.2271
JOR (1-2) -2b 0.2572 0.1049 0.6280 0.5465 2.5469 0.4400 0.1535 0.1014
MC2 (0-1) - la 0.5583 0.3640 0.0777 0.0279 1.5337 0.7145 0.123? 0.0622
MC2 (1-2) - lb 0.5505 0.3729 0.0667 0.0553 1.5030 0.6188 0.1805 0.1268
MC2(0 l )  -2a 0.7734 0.2154 0.0112 0.0050 3.5914 0.6641 0.1608 0.1223
MC2 (1-2) 2b 0.80 79 0.1518 0.0403 0.0339 S.3220 0.5838 0.2076 O.0536
SC 3 (0-1) - la 0.6972 0.2683 0.0345 0.0205 2.5982 0.6357 0.1743 0.1922
S O  (1-2) lb 0-415? 0.1442 0.4401 0.4005 2.8824 0.5559 0.1462 0.0111
SC3 (0 -1 )-2a 0.3S081 0.2398 0.3995 0.3763 3-5045 0.0000 1.0090 0.0140
S O  (1-2) -2b 0.4173 0.3339 0.2488 0.2136 1.2500 0.0000 1,0060 0.1798
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Appendix II 
7Be inventory of top 2 cm of the seabed
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Month Site (interval)-replicate # Ai*p(l-porosity) * # (dpm /g/cubic cm) dpm /g error
April 2008 SC1 (0-1) 0.352391405 0.19133849
SC1 (1-2) 0.328300718 0.299946465
MC1 (0-1) 0.388107272 0.637914088
lOR (0-1) 1.089890732 0.545040876
SC2 (0-1) 0.66626775 0.412109683
lOR (1-2) 1.260926942 0.458692539
SC3 (1-2) 0.951890773 0.5743729
May 2008 SC1 (1-2) 0.776780961 0.375686939
MC1 (1-2) 0.730992694 0.17989151
lOR (0-1) 0.824682873 0.300195597
MC2 (0-2) 1.538538751 0.552973466
SC3 (0-1) 1.332012809 0.324339651
SC1 (0-1) 1.014441629 0.58758353
SC2 (0-2) 1.344756444 0.212636512
lOR (1-2) 0.687086022 0.196646669
SC3 (1-2) 1.137339629 0.20723265
June 2008 SC1 (0-2) 3.084419529 1.673780605
SC3 (0-2) 1.732560821 0.304559973
MC1 (0-2) 2.740821355 1.00361113
July 2008 SC1 (0-2) 2.104994336 1.028091054
SC3 (0-2) 1.081112077 0.597005041
MC1 (0-2) 0.667174449 0.147156911
SC2 (0-2) 1.058890229 0.527882496
August 2008 SC1 (0-2) 2.983295901 3.609888053
Septem ber 2008 MC1 (0-2) 1.340789398 2.360931906
October 2008 SC1 (0-2) 0.977510956 2.391497171
SC2 (0-1) 0.441453032 1.429786092
SC2 (1-2) 0.295243196 0.455298248
SC3 (0-1) 0.504868697 1.377839173
SC3 (1-2) 0.396495685 1.22010559
MC1 (0-2) 1.348835241 3.763849763
MC2 (0-2) 1.629144457 3.884135417
N ovem ber 2008 SC1 (0-2) 0.733762926 1.718973465
SC2 (0-2) 1.028167239 2.487591667
MC2 (0-1) 0.709260946 3.008396336
MC1 (0-2) 0.591759416 0.495088577
lOR (0-1) 0.546045436 1.90744827
SC3 (0-1) 0.586032215 1.812229692
SC3 (1-2) 0.407708867 0.958217023
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Decem ber 2008 MC1 (0-1) 0.657901409 4.081486672
MC1 (1-2) 0.282644046 0.615119785
lOR (0-1) 0.480196275 2.089300863
lOR (1-2) 0.26809411 0.651310928
SC3 (0-2) 0.503019441 0.780372515
SC2 (0-2) 0.953301152 2.20483619
MC2 (0-2) 1.530726066 4.06230327
January 2009 SC1 a (0-2) 0.917747063 3.001042932
SC1 b(0-2) 1.231455021 4.072038756
SC2 a (0-2) 0.712342617 0.746306488
SC2 b(0-2) 1.258853329 3.061190417
MC2 (0-2) 1.645848107 2.270057638
MC1 a (0-2) 0.769215288 1.081892576
MC1 b (0-2) 0.614694481 0.836619157
lOR a (0-2) 0.632274518 0.683450972
lOR b (0-2) 0.691561 0.958617949
SC3 a (0-2) 0.694675042 0.632988441
SC3 b (0-2) 1.536049211 1.735983904
March 2009 SC1 a (0-2) 2.469542407 13.82777162
SC2 a (0-2) 1.040006442 2.965926971
SC2 b (0-2) 0.847988887 2.145392318
MC2 a (0-2) 1.090072927 1.954130498
MC2 b (0-2) 1.00912137 1.669592747
SC1 b (0-2) 1.509575807 6.219111356
MC1 a (0-2) 1.267090698 3.831832169
MC1 b (0-2) 1.270232226 2.914565493
I OR a (0-2) 1.226341724 2.967045346
lOR b (0-2) 0.974224982 2.216140106
SC3 (0-2) 0.664294018 0.405678172
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Appendix III 
X-radiographs
(~12 cm in width)
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Appendix IV 
Digitized sub-bottom profiles 
(See CD attached)
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